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Abstract
Owing to the increasing global population and more widespread industrialisation (particularly with 
respect to the developing world’s aspirations to equality of standard of living), the extraction and 
use of materials is expanding. This ever-increasing demand for materials has meant that certain 
resources are under pressure.
Polymer matrix composites, which are normally derived from petrochemicals with synthetic fibres 
requiring high amounts of energy during manufacture, are increasingly used for both structural and 
non-structural applications. The development of composites using bio-derived fibres or resins (or 
both) is an important area of research.
This study considers the mechanical properties of various bio-derived fibres, laminated with a 
range of standard (commercially available) and modified (tailored or with bio-derived content) 
thermosetting resins, in comparison with synthetic equivalents. The starting point for the current 
work was to manufacture composites using commonly available natural fibres (hemp, in both 
chopped strand mat and unidirectional form) with commercial resin systems, primarily to 
investigate a potential marketing opportunity. This work has shown that it is possible to 
manufacture such composites, but that their mechanical properties are not particularly useful: in 
some cases they are in fact worse than the bulk resin. In part this is due to the compatibility of the 
resin with the fibres. This has been addressed to some extent by the optimisation of the composite 
with a coupling agent to the formulation. Of more interest however has been the identification of a 
processed-cellulose fibre, available in a continuous form. Composites made from this have 
interesting properties and, due to the comparatively low density of the fibres, the specific 
mechanical properties of the composites are comparable with those of glass based systems.
In addition, this study has also conducted an environmental LCA of thermosetting resin 
manufacture; the conclusions of this have informed the corporate sponsor (Scott Bader) of 
strategies for reducing the environmental impact of resin manufacture.
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1. Introduction
1.1 Preface
1.1.1 Context
Owing to the ever-increasing global population growth and rapid industrialisation of many 
developing countries, the world-wide demand for materials has surged. This has led to record 
prices in the cost of raw materials as supply is struggling to meet demand. Many of these raw 
materials that all nations seek have a finite supply in the world. Over the next few decades an issue 
will arise where a significant number of these materials will become scarcer with a constantly 
increasing demand and shrinking supply. Under these conditions, changes to the way in which 
materials are sourced and exploited are required. A switch from using limited abiotic resources to 
less energy intensive, sustainable materials would undoubtedly be beneficial.
Another area of concern is the status of the global environment that we live in and how our actions 
influence it. As the resources of materials world-wide are consumed, more energy is required to 
exploit the lower quality resources and refine them. As a consequence of using more energy, more 
pollution will be created as a by-product. The effect of this pollution would be inevitably harmful 
to humans and the environment.
Realising this concern, Scott Bader Company Ltd. wanted to understand the environmental impact 
of their products, as well as to explore potentially new materials that are a more sustainable 
alternative.
1.1.2 Corporate Sponsor
Scott Bader Company Ltd. is a multinational chemical company that manufactures speciality 
polymers. The main types of products that Scott Bader manufactures are thermosetting resin 
systems for the composite materials sector. As these resin systems are petrochemically based and 
ofi:en used with synthetic fibres (Glass, Carbon), Scott Bader wanted to understand the potential to 
utilise natural fibres and bio-based resins for composites.
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1.2 Background to and Applications ofNatural Fibre Composites
1.2.1 Standard Synthetic Composites
One type of material that has seen major growth over the last few decades is composite materials. 
Composites are now used extensively in aerospace, transport and construction because they can 
offer unparalleled specific stiffiiess and strength compared to metals and can be tailored for 
specific applications, depending on the materials chosen and the manufacturing process selected. 
The basis of a composite material is where two or more dissimilar materials are combined together 
to create a new material of distinct properties.
1.2.2 Background to Natural Fibre Composites
Even though the modem synthetic fibre composite industry has seen rapid growth in the last couple 
of decades, naturally based composite materials have existed for thousands of years.
The utilisation of natural fibres and composites existed long before man walked the Earth. Plants 
utilise naturally grown fibres, as a result of photosynthesis, in the cell wall in order to give the 
plant stiffiiess and strength. Man started to utilise this naturally occurring fibrous material derived 
fi-om flax and hemp for textiles as far back as 4000 BC (Czemiak, et al., 1998). It has even been 
documented that the mummification process utilised a natural composite material of linen cloth 
impregnated with salts, resins and honey (Kozlowski and Machiewacz-Talarczyk, 2006). The 
lamination process protected the natural fibres whilst improving load transfer.
The Ancient Egyptians (5000 BC to 332 BC), realising the engineering potential of such materials, 
utilised natural fibres and composites to forge weapons of devastating effect to become the 
dominant superpower for thousands of years (Shaw, 1991). In addition to plant based fibres, 
animal derived fibres, namely sinew, have been used to manufacture composite bows. This was 
due to the sinew providing a greater tensile strength than wood (Baugh, 1994).
1.2.3 Natural Fibres Not Considered Witbin Tbis Research
Animal hair, nails, claws and feathers are other types of natural fibres. These animal fibres are 
protein based, notably keratin (Zahn, et al., 1980; Hearle, 2000). Recent research has even looked 
at utilising these animal fibres for composites (Blicblau, et al., 1997; Carrillo, et al., 2012a). 
However, animal fibres shall not be considered in this research since it is not a commercially 
viable raw material due to the limited supply (Home, 2009). This decision should not undermine 
the potential importance of such materials. In 2010, it was estimated that 80,000,000 tons of
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feathers were produced world wide as a by-product of chicken meat farming (Carrillo, et al., 
2012b). These feathers are generally incinerated or chemically hydrolysed to obtain pet food 
(McGovern, 2000). As feathers are inexpensive, there is potential for low cost composites with 
useful mechanical properties to be produced from what is normally considered a waste material 
(Martinez-Hemandez, et al., 2007).
Nano-cellulose is another type of fibre not considered within this research. These fibres are 
sourced from bacteria, such as Gluconacetobacter xylinm, or microflbrilated cellulose from plants 
(Turbak, et al., 1989; Gindl and Keckes, 2004). The bacterial fibres have an average diameter of 
4 nm where as the fibres from micro-flbrilated cellulose have an average diameter of 50 nm. The 
use of these fibres within composites has resulted in good mechanical properties; up to 28 GPa and 
400 MPa for a 0.12 Vf (fibre volume fraction) of bacterial cellulose in phenol-formaldehyde resin 
(Nakagaito, et al., 2005). The current drawback of fabrication on a commercial scale is the 
expensive manufacturing processes (Newman and Staiger, 2008).
1.2.4 Current Applications ofNatural Fibre Composites
What is becoming increasingly evident is that natural fibre composites will play a major role in 
both non-structural and structural materials. One of the biggest appeals of natural fibre composites 
is the low cost and bio-degradability (Bledzki and Gassan, 1999). For certain types of natural 
fibres, the price is a fifth of E-glass fibre. Even though many natural fibres have a third of the 
tensile strength of E-glass, the price per strength for natural fibre composites is more favourable. 
This section presents the non-structural, structural and semi-structural applications of natural fibre 
composites. It finishes by considering their other applications.
In recent years, natural fibre composite use has seen growth in many non-structural situations. One 
industry that has seen considerable growth is the automotive sector. Owing to the EU directive for 
the end of life of vehicles, automotive companies are forced to think about how they can improve 
material use (EU, 2000). The automotive companies that are actively employing natural fibre 
composites are BMW and Mercedes-Benz (Hobson and Cams, 2008). The components where 
natural fibre composites are incorporated are: seatbacks, headrests, door-liners, parcel shelves and 
boot-liners (Suddell and Evans, 2005). All of these components are in non-stmctural locations. One 
of the main reasons for selecting natural fibre composites over the standard E-glass composite is 
improved sound insulation (Küçük and Korkmaz, 2012). The sound loss coefficient is over two 
times greater for natural flbre/PP composites than an E-glass/PP composite (Farag, 2008).
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Packaging solutions from Biosphere® industries are another example of a non-structural 
application (Bioshpere, 2009). Biosphere® industries provide two grades of natural fibre 
composite; the PPM 100 is for low moisture food whilst PPM200 is for hot, wet foodstuffs.
Despite the lower mechanical properties of natural fibre composites compared with conventional 
composites, these bio-based materials have started to be used more for structural applications. Two 
examples of where natural fibre composites have been used for structural applications are in the 
manufacture of surfboards and fishing rods. The EcoBoard, manufactured by Laminations Ltd, is a 
hemp fibre composite surfboard infused with a linseed based resin system and includes an 
Ecoblank® polyurethane foam core (Staiger and Tucker, 2008). This surfboard has a renewable 
content of 55 %. CelluComp Ltd. has manufactured a fishing rod that is constructed from 
microfibrillated cellulose fibres infused within an epoxy resin system (Hepworth and Whale,
2006). The patent claims a composite stiffiiess between 14 GPa and 21 GPa, with a composite 
strength of 180 MPa to 300 MPa. As with any new technologies, it is usually the sports and luxury 
equipment sectors that first implement new materials. A recent example is the forged composite, a 
carbon fibre sheet moulding compound, used within Callaway golf cubs (RP.com, 2010). This 
composite material will also be used for structural components in the Lamborghini Setto Elemento 
car.
The development of hybrid composites is another method used to assist the low mechanical 
performance of natural fibre composites (RP.com, 201 lb). This is where natural fibres are blended 
with conventional reinforcements to obtain the desired mechanical properties.
1 3  Scope and Aims of Study
1.3.1 Materials of Focus within This Study
In order to improve the sustainability of composite materials the following material types were 
explored: bio-based resins, natural fibres and semi-synthetic fibres.
As Scott Bader’s resin systems are petrochemical based, bio-based resins are seen as showing 
potential to improve the sustainability of composites that utilise their products.
Natural fibres are seen as another potential method for improving the sustainability of composite 
materials. As there are many different types of natural fibres for composites, more than one fibre 
type was characterised.
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In addition to natural fibres, a fibre type that will be considered within this research is viscose 
rayon. This fibre is a cellulosic fibre derived from wood pulp. As this fibre does not occur in 
nature, it was considered as semi-synthetic fibre within this research.
1.3.2 Aims
The aims of this project were to:
• understand the mechanical performance of natural fibre composites utilising Scott Bader’s 
standard thermosetting resin systems,
• understand the mechanical performance of bio-based thermosetting resins compared with 
Scott Bader’s standard thermosetting resin systems,
• develop commercial resin systems specifically tailored for natural fibres,
• develop bio-based composites for structural applications,
• understand the environmental impact of resin manufacture at Scott Bader.
1.4 Structure of Thesis
This thesis comprises of nine chapters. Following the Introduction, there is the Literature Review. 
This review presents the relevant research that has been previously conducted and published. This 
section will not specifically cover environmental life cycle assessment. The literature review is 
then followed by the Materials & Manufacture and Test Procedures chapters. After the Test 
Procedures chapter there are the three results chapters.
The three results chapters are split according to the emphasis of the research. The first chapter 
presents the results fi-om the testing of natural fibre composites with conventional resin systems. 
The next results chapter presents the results from the testing of natural fibre composites with 
modified resin systems. The final results chapter presents the results from testing of the semi­
synthetic fibre composites.
Following the results, an environmental Life Cycle Assessment (LCA) for resin manufacture at 
Scott Bader is presented. This chapter will include the relevant published literature for this LCA 
assessment. This thesis then finishes with a Conclusions chapter.
The second chapter will now present the published literature relevant to this study.
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2. Literature Review
2.1 Introduction
This literature review comprises of eleven sections. Following the introduction, the next three 
sections discuss the types of natural fibre, fibre isolation methods and the structure of natural fibres 
respectively. Following these sections, the manufacture and types of semi-synthetic fibres is 
presented. The sixth and seventh sections present the physico-chemical and mechanical properties 
of natural and semi-synthetic fibres. The eighth section discusses the properties of resin systems 
that have been used with natural and semi-synthetic fibres. The ninth and tenth sections present the 
performance of natural and semi-synthetic composites with or without any modification or 
treatment processes. The last section finishes this review with concluding remarks.
2.2 Types ofNatural Fibre
2.2.1 Introduction
This section presents the classification of natural fibres with a short description of the types of 
fibres within their generic classification. The growth conditions, plant physical properties and fibre 
dimensions are presented within this section.
2.2.2 Classification
There are two general classifications of plant based fibre; primaiy and secondaiy. Primary plants 
are grown specifically for their fibre whereas secondaiy plants are a by-product of some other 
primary function. Examples of primary plants are hemp, jute, bamboo, sisal and cotton while 
examples of secondary plants are pineapple, agave, oil palm and coir.
It is possible to also split plant fibres into their botanical type. The six generic types of fibres are 
listed below, with examples (Rowell, 2008):
• Bast fibre -  hemp, flax, jute, kenaf;
• Leaf fibre -  banana, sisal, agave, pineapple;
• Seed fibre -  coir, cotton, kapok;
• Core fibre -  kenaf, hemp, jute;
• Grass and reed fibre -  wheat, com, rice;
• Wood and root fibre — softwood.
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Classification by geographic growing area is another method used to separate fibre types. 
Temperate climate conditions suit the growth of hemp, kenaf, cotton and wood, whereas tropical 
climates suit the growth of bamboo, jute and sisal (Rowell, 2008). A summary of the six generic 
types of fibres follows.
2.2.3 Bast Fibre
Bast fibres are from sclerenchyma cells within the phloem section (bark) of dicotyledonous plants 
(Starr, 2006). The cells are dead at maturity and run parallel along length of the stem. The 
sclerenchyma cells have thick secondary cell walls that exist to provide the stifi&iess and strength 
within the stem. Figure 2.1 is a schematic diagram showing the cross-section of a stem from a 
dicotyledonous plant. As the stem is symmetrical, only half of the stem is shown to aid labelling. 
The bast fibre region of the stem has been shaded.
The bast fibres within the stem of the plant predominantly occur as fibre bundles. Within a flax or 
hemp stem there are 10-40 and 100-300 single fibres, respectively, within a single fibre bundle 
(Thygesen, 2006; Batra, 2007). The xylem and pith form the stem core, which is where core fibres 
are sourced. It has been documented that the there can be a hollow centre within flax and hemp 
stems (Bismarck, et al., 2002; Kronbergs, et al., 2011). Within a plant stem, there is a greater 
quantity of core fibre than bast fibre. For example, a hemp and jute plant stem have around 
20 -  40 % bast fibres and 60 -  80 % core fibres (Sabharwal, et al., 1995; Zomers, et al., 1995; 
Vogl, et al., 1996; Thygesen, et al., 2006).
Cortex
(bast fibre)
Pith lemEpidermis
Figure 2.1 Schematic diagram of a cross-section of a stem from a dicotyledonous plant
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Out of all other botanical types for potential composite applications, bast fibre (e.g. flax, jute and 
hemp) has sustained the greatest focus in research over recent years. One of the reasons is that 
these fibres can have an aspect ratio of around 1000 (length to width ratio), which is an order of 
magnitude greater than many other types of natural fibre (Rials and Wolcott, 2006). As these fibres 
are not continuous filaments, some form of twist on the yam may be necessary if aligned 
architectures are required (Rask and Madsen, 2011). This means that the tenacity of the yam will 
be dependent on fibre strength, twist angle, fibre count, fibre roughness, fibre length and twisting 
process (Furter, 2009; Zimniewska and Radwanski, 2011).
In 2008, the order of global production quantity for the top three bast fibre plants was jute, 
followed by flax and then kenaf (van Dam, 2008). It should also be noted that hemp has seen the 
greatest global increase, in percentage terms, in recent years. A brief description of jute, flax, kenaf 
and hemp will now be presented. The dimensions of natural fibres, including bast fibre, are 
presented in Table 2.1. (Explanations for the wide variations in fibre dimensions are provided in 
Section 2.4.)
Jute, or hessian, is the name for plants that belong to the genus Corchorus. The two species that are 
grown for their fibre are C. capsularis, known as white jute, and C  olitorius, known as Tassa jute 
(Rowell, 2008). A mature jute plant can reach 2.5 -  3.5 m in height within 120-150 days (Pandey 
and Krishann, 1990). Jute has an average fibre yield of 1700 kg per hectare (Rowell and Stout,
2007). Jute fibre is one of the cheapest natural fibre sources because it is commonly grown in 
developing countries with low labour costs (Rowell, 2008).
Flax, or linen, is the name for plants that belong to the genus Linum. The species of flax that linen 
comes from is L  mitatissimum (Rowell, 2008). The height of the plant at maturity is between 
0.5 -  1.25 m tall within 100 days and has stem diameter of 1.6 -  3.2 mm. The seeds of the flax 
plant are also an important commodity for the production of linseed oil (Rowell, 2008).
Kenaf is the name for plants that belong to the genus Hibiscm. The species of jute that fibre is 
derived from is H. cannabinus (Rowell, 2008). The plant can grow to 1.5 -  3.5 m in height within 
150-180 days and has a stem diameter of 10-20  mm (Stellers and Reichert, 1999).
Hemp is the name for plants that belongs to the genus Cannabis. The variety of hemp that is 
commonly grown for its fibre is C. sativa L (Rowell, 2008). The plant can grow up to 4.5 m in 
height in 140-145 days with a stem diameter of 4 -  20 mm (Batra, 2007). The fibre yield can vary 
between 900 kg to 2600 kg per hectare. Utilisation of hemp in its fibrous state is preferred since the 
cost of hemp pulp, for paper making, is six times the price of wood pulp (Rowell, 2008).
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Table 2.1. Dimensions of ultimate natural fibres
Fibre Average Width (pm) (range in brackets)
Average Length (mm) 
(range in brackets)
Jute^ 20(10-25) 2 (2 - 5 )
Flax* 19(5-38) 33 (9 -7 0 )
Kenaf* 21(14-33) 5 (2 -6 )
Hemp* 25(10-51) 25 (5 -5 5 )
Sisal* 20 (8 -4 1 ) 3 (1 - 8 )
Cotton* 20(12-38) 18(10-40)
Bamboo^ 14 (7 -27 ) 2.7 (1.5-4.4)
Bagasse^ 20(10-34) 1.7 (0.8-2.8)
Hardwood^ 3 1.2 (1.0-1.8)
Softwood^ 2.5 4.1 (3.5-5.0)
1 -(Strelis and Kennedy, 1967). 2 - (Ilvessalo-Pfqffli, 1995)
This industrial variety of hemp is a close relation to Cannabis indica (medicinal drug) but has a 
much lower tetrahydrocannabinol (THC) content; less than 0.2 % (Council Regulation, 1998). 
Owing to this close relation within the genus of Cannabis, the growth of industrial hemp is still 
restricted in many countries. In the US, for instance, hemp is regarded as a controlled substance 
under the Comprehensive Drug Abuse Prevention and Control Act of 1970 (Controlled Substances 
Act, 1970). However, a recent bill has been proposed in the US to exclude industrial hemp that has 
THC content of less than 0.3 % from the Controlled Substances Act (Bill of Congress, 2011). 
Within the UK, it is currently possible to grow industrial hemp with a licence (Home Office, 
2011).
2.2.4 Leaf Fibre
Leaf fibre is sourced from the long fibre bundles that run parallel to the length of the leaves 
(Mukheijee and Satyanarayana, 1986). Examples of plants from which leaf fibre can be sourced 
are pineapple, sisal and agave. All of these plants are grown in tropical climates (Rowell, 2008).
A mature leaf from the sisal plant is around 1 -  2 m long, 100 -  150 mm wide and 6 mm thick. 
Each leaf contains 1000 fibres which equates to 4 % of the total mass of the plant. The sisal plant 
can grow to 1 -  2 m in height with a trunk thickness of 150 -  230 mm (Mukheijee and 
Satyanarayana, 1987).
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2.2.5 Seed Fibre
Seed fibres are sourced from the kernels of a plant. Examples of plants from which seed fibre can 
be sourced are cotton, kapok, loofah, coconut (coir), fruit of oil palm and rice hulls (Rowell, 2008).
Cotton is the name for plants that belong to the genus Gossypium. Cotton production accounts for 
almost 40 % of the total textile fibre market (van Dam, 2008). The two species from which cotton 
fibre is sourced are G hirsutum, known as upland cotton, and G. barbadense, known as Egyptian 
cotton (Rowell, 2008). Cotton can be divided into two groups by length; long fibres are called lint 
and short fibres are called linter.
2.2.6 Core Fibre
Core fibre is sourced from the central section of the bast fibre plants (the xylem and pith in 
Figure 2.1). These fibres are approximately 1 mm in length, a very short fibre when compared 
with bast fibre, with an aspect ratio of 20 (Thygesen, 2006; Rowell, 2008). However, this could be 
an inexpensive source for reformed cellulose fibres, assuming that there is an increasing demand 
and production of bast fibre (see Section 2.5).
2.2.7 Grass and Reed Fibre
Sources of grass and reed fibre include sugar cane, bamboo and Johnson grass (Rowell, 2008). The 
grass and reed plants from which fibre is sourced commonly grow in tropical climates.
Sugar cane, S. Officinamm, is a name for plants that belongs to the genus Saccharum. The fibrous 
material from a sugar cane is more commonly known as bagasse, which constitutes 47 % of sugar 
cane (Rowell, 2008). In South China, bagasse is commonly used as a raw material for paper 
making (Yu, et al., 1994).
Bamboo is the name for plants that belongs to the genus Dendrocalamus. Bamboo can either grow 
as single-stemmed plants or as densely clumped plants (Rowell, 2008). It can grow to a height of 
15 -  35 m within 2 - 4  months and achieve a stem diameter of 50-150 mm.
2.2.8 Wood Fibre
The trees from which wood fibre are sourced can be divided into softwoods and hardwoods. 
Hardwood fibres are typically shorter than softwood fibres. Wood fibre is not typically used for 
natural fibre composites due to the lower cellulose content compared with all of the other 
classification types (explained later in Section 2.4.3).
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2,3 Fibre Isolation Methods for Natural Fibres
2.3.1 Introduction
Depending on the type of plant from which fibre is sourced, some form of fibre extraction process 
may be required. As previously discussed in Section 2.2, the elemental fibres exist as fibre bundles 
within a certain area of the plant. Examples are flax and hemp which have bast fibre near the 
surface of the plant stem that require separation from the woody core. These methods can be 
divided into three distinct categories; biological, chemical and mechanical. In some instances, 
more than one method may be used to extract the fibre. This section will now discuss the three 
isolation methods used to extract the fibres from the biomass.
2.3.2 Biological
Biological methods involve the use of microbiological organisms in the presence of water to attack 
the lignin and pectin within the plant stem to assist fibre separation (Rowell, 2008). The 
mechanism of this process is commonly described as retting or degumming. From the natural or 
artificially controlled process the pectic substances that exist in the primary cell wall and middle 
lamella are removed or dissolved. Over time, what remains is the fibrous material of interest.
Historically, retting of fibres would have occurred either in the field, known as dew-retting, or 
submerging into a body of water, known as water-retting (Evans, et al., 2002). Dew-retting relies 
on fungi within the soil to colonize the stems and degrade pectin and hemicellulose by releasing 
polygalacturonase, xylanase and arabinase (Brown and Sharma, 1984; Brown, et al., 1986). As this 
dew-retting is dependent on the environmental conditions, such as temperature and moisture, it can 
only be conducted in certain locations. This method produces fibres that are often coarse and 
variable in quality (Meyer, et al., 1995; Evans, et al., 2002). Dew retting is usually completed in 
2 - 3  weeks (Rowell, 2008).
Owing to the variability of fibre properties with dew-retting, the water-retting method has shown to 
produce consistently better fibres (Sharma and Faughey, 1999; Sharma, et al., 1999). Another 
benefit is that water-retting can take a few days, far shorter than dew-retting (Di Candilo, et 
al., 2000). Water-retting is where the fibre stems are immersed in a body of water where 
pectinolyic bacteria decompose the pectic substances to defibrillate fibres (Allen, 1946; 
Chesson, 1978). This process was originally conducted in rivers and ponds, but is no longer 
practised due to environmental contamination (Akin, et al., 2001). Seawater retting has been 
researched at as a possible fibre separation method due to natural bacterial elements in an alkaline 
solution (Zhang, et al., 2008).
Page 111
An evolution of water-retting is to control the process in a water tank with specially selected 
enzymes (Donaghy, et al., 1990; Henriksson, et al., 1999; Akin, et al., 2003; Akin, et al., 2007; Yu 
and Yu, 2007). The enzymes that have been used in textile processing are oxidoreductases, 
hydrolases and lyases (Kozlowski, et al., 2006). The yield and tactile qualities of fibres that were 
enzyme-retted were similar to that from high-quality water-retted fibres (Akin, et al., 2007).
Owing to time and resources required for the retting of natural fibres, research has also been 
conducted with un-retted hemp fibres (Hepworth, et al., 2000).
2.3.3 Chemical
The chemical separation of fibres can be done by either chemical retting or pulping. Dilute alkali 
and dilute acids are used to promote separation of fibre bundles (Rowell, 2008). Pulping, which is 
commonly used within the paper making industry, is where fibre chemical separation of fibres is 
widely practised (Young, 1997; Jonoobi, et al., 2009).
The addition of chemical reagents is commonly used to improve the performance of fibre isolation 
and separation with the mechanical and biological processes. An extension of steam explosion 
process, discussed previously, is to introduce other reagents, such as sulphuric acid or hydrogen 
peroxide, into the aqueous solution to assist in fibre separation (Mackie, et al., 1985; Thomsen, et 
al., 2006). To increase the efficiency of biological enzyme retting of flax, chelators have been 
added to enzyme mixtures (Akin, et al., 2002).
2.3.4 Mechanical
The main modem mechanical method of fibre isolation is decortication normally proceeded by 
retting (Bos, 2004). This method is commonly used for the extraction of jute, hemp, flax and kenaf 
fibre (Rowell, 2008). The decortication process is where the harvested stem is first broken by 
fluted rollers. The organic material is then passed through a scutching turbine which scrapes off the 
bast fibre from the core. The bast fibres that are extracted from this process are fibre bundles.
In order to separate the fibre bundles into elementary fibres, a hackling process is conducted 
(Bos, 2004). Pin-sized like nails comb the fibre bundles to create elementary fibres. When the 
decortication process is conducted for flax fibre, 11 % of bast fibre and 52 % shives from woody 
core are recovered fi-om the total input of bio-mass (Bos, 2004). To ease the separation of fibre 
bundles fi-om the stem and elemental fibres from the bundles, the fibre is biologically or chemically 
degraded before separation (discussed in next section).
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An issue with the decortication process is that it can induce damage to the elemental fibres in the 
form of dislocations (Madsen, 2012). Because of the damage caused by the decertification process, 
there has been focus on other methods of fibre extraction which induce less damage. One method 
that has been commercialised by Stextile is the steam explosion process (De Boo, 2006).
The steam explosion process is a short time vapour-phase cooking at temperatures above 180 °C, 
followed by explosive decompression (Donaldson, et al., 1988; Kokta and Ahmed, 1998). This 
fibre isolation method has shown to not only defibrilate the fibres but also reduce the amount of 
lignin and non-cell-wall material from the fibres (Thomsen, et al., 2006). A benefit of the steam 
explosion process is that semi-retted fibres can be used (Garcia-Jaldon, et al., 1998).
2 A  Structure of a Natural Fibre
2.4.1 Introduction
In order to realise the potential for natural fibres to be used in composites, the micro and macro 
properties of the fibre need to be understood. This section presents the chemical and crystal 
structures of cellulose, the cellulose hierarchy with fibres and the characteristics of the other plant 
constituents.
2.4.2 Chemical Composition and Crystal Structure of Cellulose
Cellulose was first discovered in 1838 by the French chemist Anselme Payen when analysing the 
remains of plant tissues with acids and ammonia (Payen, 1838). It was through elemental analysis 
that the molecular formula CgHioOg was derived for cellulose. The name ‘cellulose’ was first used 
for this plant constituent in a report by the French Academy in 1839 (Brogniart, et al., 1839). It is 
this cellulosic material that gives a natural fibre its strength. A modem definition for the chemical 
structure of cellulose has been given as:
‘Cellulose is a linear homopolysaccharide consisting of y9-Z)-glucopyranose units linked by 
glycosidic 1 -4) bonds in a ^C\ conformation.’ (Belgacem and Gandini, 2011)
This means that there is a repeating element of two anhydroglucose units. A pictorial 
representation of this cellulose can be seen in Figure 2.2.
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Figure 2.2 Cellulose repeat structure (Kipper, et al., 2005).
The cellulose chains are terminated with a D-glucose unit with a C4-0H at one end and a Cl-OH 
group at the other end. The cellulose chains can be produced by biosynthesis, photosynthesis, 
bacterial, in-vitro synthesis or man-made formation (Brown, 1999; Brown and Saxena, 2000; 
Kobayashi, etal., 2001).
In 1920, it was discovered that these cellulose chains were covalently bonded to each other 
(Staudinger, 1920). Through the use of X-ray diffraction, native cellulose (cellulose I) was 
described as a monoclinic cell where two cellulose chains are in a parallel orientation with a 
twofold screw axis (Gardner and Blackwell, 1974). Other analytical techniques that have been used 
to characterise cellulose are FTIR, NMR, neutron and electron diffraction, Raman spectroscopy, 
SEM, ATM, TEM and STM (Marchessault and Liang, 1962; Herbert and Muller, 1974; Ahmed, et 
al., 1976; Earl and VanderHart, 1981; Atalla and VanderHart, 1989; Fengel and Stoll, 1989; 
Hanley, et al., 1992; Frommer, 1992; Purz, et al., 1995).
Through analysing the structure of cellulose it was found that there are six polymorphs -1,11, HI, 
m , IV and IV (Marchessault and Sarko, 1967; Walton and Blackwell, 1973; Marchessault and 
Sundararajan, 1983). It has also been discovered that Cellulose 1 is in fact a mixture of two 
polymorphs -  1„ and Ip (VanderHart and Atalla, 1984; Sugiyana et al., 1991). The unit cell of 
Cellulose 1 is projected along the [100] lattice plane (Klemm, et al., 2005). Figure 2.3 shows the 
inter-conversion between the different polymorphs of cellulose. The different crystal structures of 
cellulose have slightly different physical and chemical properties (Zugenmaier, 2001). 
(Regeneration and Cellulose n  are discussed in Section 2.5. Mercérisation is discussed in 
Section 2.10.)
Page 114
Regeneration 
Mercerization
Cellulose 
NH3(1)
-N H 3(g)
Cellulose 111,
heat
Cellulose IV,
Cellulose II
i
' NH.'3(f)
NH3(g)
Cellulose lll|{
heat
Cellulose 1V;|
Figure 2.3. The inter-conversion between the different polymorphs of cellulose (O’Sullivan, 1997)
2.4.3 Structure of Cellulose within Natural Fibres
Depending on the type of plant and other environmental factors, the length of the cellulose chain -  
the degree of polymerisation, n -  can vary from a few hundred up to 15,000 repeating units 
(Sjostrom, 1981; Klemm, et al., 2005). These chains are all of the same polymorph, cellulose I, 
even though polymorph is not the most stable form of cellulose (O’Sullivan, 1997). Within a plant, 
the cellulose chains have both amorphous and crystalline domains (Fink, et al., 1995; Belgacem 
and Gandini, 2011). The degree of crystallinity can be found through X-ray diffraction (Takahashi 
and Matsunaga, 1991). For hemp and flax, the degree of crystallinity is 44 %, whereas cotton has 
56 -  65 % (Klemm, et al., 2005). The crystal sizes vary between 4 - 5  nm in width and 3 — 18 nm 
in length.
Within a natural fibre, the morphological hierarchy of cellulose is elementary fibrils, microfrbrils, 
and microfibrillar bands (Fengel and Wegener, 1989). An elementary fibril has a width between
1.5 - 3.5 nm, 10 - 30 nm for a microfibril, and approximately 100 nm for a microfibrillar band 
(Klemm, et al., 2005). The length of the microfibril is of the order of several hundred nanometres. 
A visual representation of the cellulose hierarchy can be seen in Figure 2.4a.
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Figure 2.4 a) The morphological hierarchy of cellulose (Belgacem and Gandini, 2011). 
b) Model of the microfibril orientation throughout the secondary cell wall of a hemp fibre 
(Thygesen, 2006).
Within a natural fibre, most of the microfibrils are not aligned to the fibre direction. A natural fibre 
consists of layers with different microfibril orientations (Thygesen, 2006). A model showing the 
microfibril angles within a hemp fibre can be seen in Figure 2.4b. Through the use of microscopy 
analysis, it has been determined that hemp fibre has a middle lamella and primary wall thickness of 
30 -  50 nm and 70 -  100 nm respectively. The secondaiy cell wall has a 100 -  130 nm SI layer 
and 3 - 1 3  pm 82 layer (Thygesen, 2006). The orientation of these microfibrils affects the 
mechanical properties of the fibre. The helix angle is 18° for cotton fibres whilst for bast fibres the 
helix angle is 4 -  5° (Klemm, et al., 2005). An increase in helix angle will reduce the stiffness and 
increase the elongation at break of the fibre (Fratzl, 2002).
As plant based natural fibres are grown biologically, they contain other biological elements 
essential for the growth of the fibre. On the outside, between the other plant cells is the middle 
lamella (Allen, 1901). This centre of the fibre has a high concentration of pectin. This acts as a 
cementing layer that allows the deposit of lignin at the primary cell wall (Wimmer and Lucas,
1997). This pectin rich layer is then transformed by a process called lignification. This process 
renders the cell wall more resistant to mechanical pressure and water absorption and promotes the 
growth of cellulose (Bhuiyan, et al., 2009). Although, there are some remnants of lignin that still
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encapsulates the cellulose microfibrils (Hu, et al. 1999). There is a cavity at the centre of the fibre, 
otherwise known as the lumen (Satyanarayana and Wypych, 2007). The lignin content within the 
various cell wall layers of a hemp fibre can be seen in Figure 2.4b.
In addition to the cellulose, pectin and lignin, hemicellulose binds the various cellulose microfibrils 
(Puls, 1997). The degree of polymerisation of hemicellulose is lower than cellulose, ranging from 
20 to 300 repeating units within a hemp fibre (Thygesen, 2006).
Depending on the type of plant from which the fibre was sourced (and other environmental factors 
-  discussed in Section 2.6.6) the quantities of cellulose, hemicelluloses, pectin and lignin can vary 
greatly. For example, the bast fibres from hemp, flax and jute contain 50 -  70 wt.Vo cellulose, 
10 — 15 wt.Vo hemicellulose, 5 — 15 wt.% lignin and 5 — 10 wt.% pectin (Han and Rowell, 1996; 
McDougall, et al., 1993; Thygesen, 2006). Whereas, soft and hard wood fibres contain 
40 -  50 wt.Vo cellulose, 2 0 -3 5  W.% hemicellulose and 22 -  34 wtVo lignin (Bledzki, et al., 2002). 
The properties of these other fibre constituents are presented in the subsequent section.
2.4.4 Characteristics of the Other Fihre Constituents
Hemicellulose is a highly branched polymer of pentoses (monosaccharide with five carbon atoms), 
such as xylose and arabinose (Puls, 1997). Along the hemicelluloses chain there are ferulic acid 
and /7-coumaric groups, which allow covalent bonds to be formed between the hemicellulose and 
the lignin (Bjerre and Schmidt, 1997). In addition, the hemicellulose can form hydrogen bonds 
between the xylose and cellulose (Thygesen, 2006). Degradation of the hemicellulose has shown to 
decrease the fibre bundle strength (Morvan, et al., 1990).
After cellulose, lignin is the second most abundant biopolymer (Boeijan, et al., 2003). It is a three 
dimensional polymer made up of different phenylpropane units (Thygesen, 2006). The lignification 
process is a coupling reaction between phenolic radicals (Boeijan, et al., 2003). Lignin is crucial 
for aiding the transport of water and solutes through the vascular system. In many respects, lignin 
acts like the matrix component within a composite material by transferring stress to the microfibrils 
with the fibre.
Pectin is a family of complex polysaccharides (Ridley, et al., 2001). There is commonly a high 
concentration of pectin within the middle lamella; the junction zone between other cells (Mohnen, 
2008). Pectin has multiple functions, including plant growth and development (Ridley, et al., 
2001).
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In addition to the main organic elements, a natural fibre can also have waxes, minerals and other 
water-soluble components (Thygesen, 2006). For example, a cultivar of hemp -  Felina 34 -  has no 
wax, 4 wt.Vo minerals and 8 wt.Vo water-soluble components whereas cotton has 2 wt.Vo wax, no 
minerals, and 2 wt.Vo water-soluble components (Thomsen, et al., 2005; Thygesen, 2006). Even 
though these extra components are in smaller proportions to the main organic elements, they can 
still have an effect on composite performance. Wax has been shown to inhibit binding between 
plant fibres and epoxy resin systems (Bos, et al., 2004).
2.5 Semi-Synthetic Cellulose Fibres
2.5.1 Introduction
Some of the potential problems with natural fibres for composites are the short fibre length, 
contamination with other biological constituents and variable biological properties. Regenerated 
cellulosic fibres have the same benefits as synthetic fibres (continuous length, low number of 
defects) but are manufactured from a renewable resource and are almost 100 % cellulose.
This section starts with the background to regenerated cellulose fibres. This summary is then 
followed by a discussion of the viscose process, the structure of a reformed fibre, high tenacity 
viscose fibres and high tenacity non-viscose fibres. This section is finished with a summary of the 
physical properties of semi synthetic fibres.
2.5.2 Background
Not long after the discovery of cellulose, the formation of cellulose nitrate through the reaction 
with nitric acid was investigated (Scohnbein, 1847). In 1870 the Hyatt Manufacturing Company 
demonstrated a thermoplastic material that could be produced on an industrial scale. This product 
was called Celluloid (Klemm, et al., 2005). The developments in mass production of celluloid lead 
to the increased use of manmade cellulose fibres. This was first achieved by spinning a solution of 
cellulose in a mixture of copper (II) hydroxide and aqueous ammonia. The process resulted in the 
formation of tetraaminecopper (II) hydroxide (Klemm, et al., 2005). The next type of regenerated 
cellulose, which was manufactured on an industrial scale, was as a result of the viscose process. 
The viscose process is where cellulose is converted into cellulose xanthogenate, which is then spun 
in a solution of aqueous sodium hydroxide (Cross, et al., 1893a; Cross, et al., 1893b).
Moving forward to the present day, there are sixteen common processes for the creation of 
regenerated cellulosic fibres, some of which are not currently industrially employed today (Hearle,
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2001). In 2003, approximately 3.2 million tons of wood pulp was used for the production of 
cellulose fibres and films, and synthesis of cellulose esters. The most important of these processes 
is still the viscose method, which produced 2.2 million tons of cellulose in 2002 (Klemm, et al., 
2005).
2.5.3 The Viscose Process
The viscose process is where cellulose based pulp, commonly wood pulp, is mixed with carbon 
disulphide in an aqueous solution to form cellulose xanthogenate. This solution is then shaped, 
with the substituent cleaved off, to form a high purity, continuous cellulose (Klemm, et al., 2005). 
Depending on the individual parameters of the process, it is possible to create wet-strength cotton 
equivalent fibres (Modal) to high performance cord (Rayon) (Hearle, 2001). In order to produce 
fibres, the cellulose xanthogenate is wet spun in a solution of zinc ions or dilute sulphuric acid 
(Boerstoel, 1998; Hearle, 2001). In this process the solution is forced through tiny holes to form 
continuous filaments (Geyer and White, 1984). If the spun solution is stretched before or after 
regeneration, it will alter the fibre’s properties (Hearle, 2001). The fibre thickness of viscose rayon 
can be up to 60 pm. However, typical fibre thickness is between 10-20  pm (Hearle, 2001).
Early viscose rayon produced a skin-core type of fibre, where the regeneration process -  
coagulation -  occurred on the surface to form a skin (Hearle, 2001). As solvent is lost from the 
core, the fibre collapses into a serrated form after extrusion through circular holes of the spinneret. 
The skin has smaller but more ordered crystalline regions than the core (Wooding, 1963). Owing to 
even coagulation, modem high-tenacity yams are completely skin with no core (Hearle, 2001). 
These fibres bear a close resemblance to the circular shapes through which the material was spun.
Some of the underlying issues with the viscose process are the amount of carbon disulphide and 
heavy metals required (Klemm, et al., 2005). Because of the environmental issues related to carbon 
disulphide, the modem viscose process captures the carbon sulphide evaporated during the 
regeneration process (Geyer and White, 1984).
2.5.4 Structure of the Processed Cellulose Fibre
The crystal structure of regenerated cellulose fibre is commonly cellulose II, which is slightly 
different to the cellulose I of natural fibres (see Section 2.4.2) (Hearle, 2001). There is only a 
bifurcated intramolecular hydrogen bond linking the cellulose chains within the cellulose II
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structure (Kroon-Batenburg, et al., 1986). This means that the unit cell is projected along the [010] 
lattice plane (Klemm, et al., 2005).
The degree of polymerisation of regenerated cellulose fibres is lower than natural fibres. 
Approximately 50 % of the regenerated cellulose chains have a degree of polymerisation below 
1000 (Harland, 1955). This degree of polymerisation is an order of magnitude lower than that of 
natural fibres. Two commercially available fibres manufactured using the viscose process are Enka 
Viscose® and Cordenka® viscose. The average degree of polymerisation for Enka Viscose® 
(textile fibre) and Cordenka® viscose (industrial fibre) is 300 and 600 respectively (Boerstoel,
1998). These fibres are considered paracrystalline as there is a slight alignment of the fibrils 
(Cordenka, 2007).
The majority of regenerated fibres are less than 50 % crystalline, with the bulk in the region of 
32 -  53 % (Wooding, 1963; Hearle, 2001). Through measuring the axial birefringence. An, it is 
possible measure the alignment of the fibrils with the fibre (Kroon-Batenburg and Kroon, 1997). 
The Enka Viscose has 260 (10* An) whereas Cordenka viscose has 390 (10* An). X-ray analysis 
has determined that the crystal width and length of the Enka Viscose to be 2.9 nm and 9.0 nm, 
respectively. The Cordenka viscose (700 series) crystal width and length were measured to be
2.9 nm and 9.6 nm, respectively (Boerstoel, 1998).
2.5.5 High Tenacity Viscose Fibre
From the realisation that the increased stiffiiess and strength of industrial viscose rayon (Cordenka) 
was due to increased birefiingence and crystal dimensions, new processes aimed at increasing the 
crystal alignment and dimensions to create a stiffer and stronger fibre were developed. Adding 
formaldehyde ether to the spinning bath decreased the rate of coagulation. This meant that the 
yams could be drawn further before complete coagulation (Boerstoel, 1998). Stretching the 
material further improved the degree of orientation (Hearle, 2001). This process resulted in high 
modulus yam, Cordenka® EHM, which had an axial birefringence of 510 (10* Aw) with a crystal 
width and length of 4.3 nm and 15 nm respectively (Boerstoel, 1998).
One of the drawbacks with this fibre, as well as all other materials manufactured using the viscose 
process, is the reliance on carbon disulphide.
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2.5.6 Non-Viscose, High Tenacity Fibres
To tackle the issue of using carbon disulphide for the viscose process, there has been a focus on 
other methods for regenerated cellulose production (Chegola, et al., 1989). One of the earliest 
examples is Fortisan®, which is a spun solution of cellulose acetate (Sprague and Noether, 1961).
The next development, chronologically, was to use cellulose dissolved in N-methylmorpholine-N- 
oxide (NMMO) (Johnson, 1969). A relatively new development of regenerated cellulose 
production was to change the spinning process from an all wet to a ‘diy-jet/wet-spin’ 
(Hearle, 2001). This is where there is an air-gap between the spinneret and the coagulation bath 
(Boerstoel, 1998). This means that the spinning solution is stretched before regeneration. However, 
the NMMO process can form an explosive mixture that can cause issues when manufactured on an 
industrial scale (Lenzing, 2003). Fibres that are actively produced using this process are Tencel® 
fibres, manufactured by Lenzing Group. The fibre properties produced via this manufacturing 
method are constantly being improved (Kim, et al., 2011).
To improve the stiffiiess and strength fiirther, development has focused on spinning liquid 
crystalline solutions. Two patents by DuPont present a method of dissolving cellulose in 
trifluroacetic acid which is then spun using an air gap into a methanol coagulation bath (O’Brien, 
1984; O’Brien 1985). This fibre can be steam drawn then saponified with an alkali solution to 
develop a veiy high strength fibre of 2.7 GPa. Michelin have patents relating to spinning a 
cellulose formate, which is formed by dissolving cellulose in formic and phosphoric acid (Vos, et 
al., 1999; Meraldi et al., 2001; Meraldi, et al., 2003). This fibre is formed by spinning in an air gap 
into an acetone solution which is then saponified to form a high strength fibre. The final method, 
from Akzo Nobel, is the spinning of a cellulose solution which has been dissolved in 
superphosphoric acid (Boerstoel and Ypma, 1998; Boerstoel, et al., 1999; Westerink, et al, 2000). 
A subsidiary of Akzo Nobel, Acordis, has published the research relating to this process 
(Boerstoel, et al., 2001; Northolt, et al., 2001). These types of yams are not currently available on a 
mass production scale. However, they indicate the future potential of regenerated cellulose yams.
As regenerated cellulose fibres have high carbon content, there has been recent research into the 
potential for using liquid ciystalline cellulose as a precursor for carbon fibres (Kong, et al., 2012). 
In order to manufacture the carbon fibre, the regenerated cellulose fibre is pyrolysed and 
graphitised.
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2.6 Physico-chemical Properties of Natural and Semi-Synthetic Fibres
2.6.1 Introduction
This section presents the physico-chemical aspects of natural and semi-synthetic fibres. This 
includes the density of cellulosic fibres, the hydrophilic characteristics of fibres, the thermal and 
biological degradation, and the selection/growth factors that can affect fibre properties.
2.6.2 Density of Cellulosic fibres
Different studies using X-ray analysis of microcrystalline cellulose (I) measured densities between 
1.582-1.630 g cm’^  (Gangster and Fink, 1999). Since the cellulose within natural fibres is not 
completely crystalline and not 100 % cellulose, the density of a natural fibre will be lower than
1
crystalline cellulose I (Sun, 2005).
The various methods used to measure the density of a cellulosic fibre are: diameter and linear 
density calculations, Archimedes buoyancy, helium pycnometry, gradient column and liquid 
pycnometry (Pratten, 1981; BS EN ISO 1973, 1996; Rude, et al., 2000; BS ISO 10119, 2002). A 
study has found that the two recommended methods for determining the density of a natural fibre 
are Archimedes buoyancy using canola oil and helium pycnometry (Truong, et al., 2009).
Measurements of hemp and kenaf ultimate fibres using Archimedes buoyancy calculations, with 
benzene as the immersion fluid, have found densities of 1.449 g cm"^  and 1.1926 g cm'  ^
respectively (Aziz and Ansell, 2004). Liquid pycnometry of hemp fibre has found densities of 
1.581 ± 0.007 g cm'  ^ and 1.598 ± 0.013 g cm'  ^ (Madsen, et al., 2007a). As the hemp fibres 
measured by liquid pycnometry were sourced two years apart, this variation in densities illustrates 
that the different growing conditions affect the density of natural fibres.
2.6.3 Hydrophilic Characteristics of Cellulosic Fibres
Cellulosic fibres are highly hydrophilic. This is due to the presence of hydroxyl groups associated 
with the cell wall macromolecules (Hill, et al., 2009). This hydrophilic nature is due to the 
amorphous cellulose, hemicellulose and pectin that are accessible to water molecules as well as 
having a high hydroxyl to carbon ratio. Crystalline cellulose and lignin are not as hydrophilic as 
the previously listed fibre constituents. This is because the crystalline cellulose is inaccessible to 
water molecules and the lignin has a low hydroxyl to carbon ratio (Hill, et al., 2009).
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Owing to this hydrophilic nature, a natural fibre will reach an equilibrium moisture content when 
exposed to air with humidity, depending on the temperature and relative humidity (Bledzki, et. al.
2002). For example, at 27 °C and 30 % relative humidity bamboo and wood (southern pine) fibres 
have 4.5 % and 5.8 % moisture content respectively. At a higher relative humidity, 90 % (27 °C), 
bamboo and wood (southern pine) fibres have 14.7 % and 21.7 % moisture content respectively 
(Rowell, et al., 2000). The sorption behaviour of natural fibres with different isotherms and 
hysteresis loops, the capillaiy action, and the drying behaviour have been studied (Bruce, et al., 
2005; Collet, et al., 2008; Pejic, et al., 2008; Hill, et al., 2009). Measurements with NMR have 
even been used to understand the hydrophilic nature of a flax fibre with or without an aqueous 
solution HCl pre-treatment (Bismark, et al., 2002). The NMR results from this experiment 
indicated that there was residual water/HCL within the pre-treated fibre after drying.
As semi-synthetic fibres are also cellulosic, they are susceptible to moisture absorption. Viscose 
rayon has shown to have 12 % relative moisture content at a 60 % relative humidity (Urquhart and 
Eckersall, 1932).
2.6.4 Thermal Degradation of Cellulosic Fibres
As natural fibres are a constructed of different elements (Section 2.4.3), the thermal stability of the 
fibre will be dependent on these individual components (Ouajai and Shanks, 2005). From wet 
oxidation and composite manufacturing it had been deduced that degradation of hemicellulose 
occurs at a lower temperature than cellulose, 150 -  180 °C compared with 200 -  230 °C (Bjerre, et 
al., 1996; Madsen, 2004). Thermogravimetric analysis and differential thermal analysis conducted 
for a hemp fibre show that thermal degradation occurs at 205 °C (Beckermann and Pickering,
2008).
Separate differential thermal analysis of the pectin and cellulose within a hemp fibre showed 
degradation initiating at around 160 °C for the pectin and 280 °C for the cellulose (Rachini, et 
al., 2009). This degradation of the pectin at lower temperatures than cellulose might be an 
explanation for the degradation in tensile strength observed with ramie fibres. The tensile strength 
of these fibres decreases by 10 % after two hours when maintained at a temperature of 150 °C 
(Herrmann, et al., 1998). The thermal degradation of the fibre is an important factor to consider in 
the laminating process, especially if high process temperatures are required (Stevenson, 2012). As 
thermal ignition of cellulosic fibres occurs around 400 °C, fire safety could be an issue in 
comparison to other materials (Gangster and Fink, 1999).
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2.6.5 Biological Degradation of Natural Fibres
If natural fibres are to be used outdoors, they will be subjected to moisture, solar radiation, 
temperature fluctuations and biological attack (Falk, et al., 2000). However, the biological 
properties of a natural fibre composite are more dependent on fibre volume fraction and surface 
conditions (Bledzki, et al., 2002). As moisture absorption is an important criterion for biological 
degradation, studies have been conducted for moisture absorption and outdoor weathering of 
composites (Marcovich, et al., 1999; Li, 2000). Fibres with high moisture content are more 
vulnerable to biological attack (Erikson, et al., 1990).
The biodegradability of a natural fibre may be useful, because if it is combined with a 
biodegradable matrix, it would create a biodegradable composite (Mohanty, et al., 2000; Mishra, et 
al., 2002). (Bio-resins are discussed in Sections 2.8.6 and 2.8.7).
2.6.6 Selection Considerations and Growth Factors for Natural Fibres
If the goal of this research is to select a singular fibre type to be used on an industrial/mass 
production for composites, then the growth conditions and fibre yield should be considered in 
addition to mechanical properties. For example, sisal and sunn hemp plants have the highest fibre 
yield per hectare, 3360 kg and 3610 kg respectively, but can only be grown in tropical climates 
(Rowell, 2008).
Adding to the complexity of the issue, different cultivars have different growth rates and fibre 
yields (Sankari, 2000; Thomsen, et al., 2005). The growing conditions, such as sun, water, 
nutrients and temperature will also affect the fibre yield (Struik, et al., 2000). The time fi*om 
planting to harvesting will also affect the chemical composition and fibre properties (Rowell, et al., 
1996; Bennett, et al., 2006; Pickering, et al., 2007). The chemical composition can even change 
depending on whether the fibre is sourced fi'om the bottom or top of the plant (Rowell, et al., 
2000).
Owing to the natural variation of fibre properties, care should be taken when comparing test 
results, even across published resources, as discrepancies in results can be due to subtle changes in 
fibre properties (Madsen, 2007).
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2.7 Mechanical Properties of Natural and Semi-Synthetic Fibres
2.7.1 Introduction
This section starts by presenting the mechanical properties of the crystal structure present in natuiul 
and semi-synthetic fibres. This is followed by discussion on the difficulty of determining the 
natural fibre cross-section and then defects within natural fibres. The longitudinal tensile properties 
of fibres are then presented, followed by the specific longitudinal tensile properties of fibres, and 
then the transverse and axial shear properties of fibres. This section concludes with a discussion on 
the non-linear elastic behaviour of semi-synthetic fibres.
2.7.2 Mechanical Properties of the Cellulose Crystal Structure
If the fibre was a perfect Cellulose I or Cellulose II crystal, the elastic modulus in the direction 
parallel to the chain axis is 138 GPa and 88 GPa respectively (Nishino, et al., 1995). Since true 
natural and regenerated fibres are not completely crystalline and these crystals are not perfectly 
parallel to the fibre direction, as discussed earlier, it is expected that the stiffiiess of natural and 
synthetic fibres will be far lower than this completely crystalline value.
Assuming the perfect structure as before, the strength of Cellulose I is of the order of 10 GPa 
(Samir, et al., 2004). Owing to the mixture of crystalline and amorphous domains and the lignin 
combining the cellulose chains in a natural fibre, the fibre strength is expected to be lower than the 
completely crystalline Cellulose I.
Owing to the difference in lateral hydrogen bonding, the shear modulus for Cellulose I and 
Cellulose II is 1.5 GPa and 2.5 GPa respectively (Gamder and Blackwell, 1974).
2.7.3 Determining the Cross-Section of a Fibre
The simplest method to measure the tensile stiffness and strength of a fibre is to conduct a single 
fibre tension test (Eichhom, et al., 2001a). In order to calculate the strength and stiffness of the 
fibre using this type of test the cross-sectional area of the fibre needs to be measured. For synthetic 
fibres, the cross-section is nominally uniform and so a few measurements of the diameter are 
required to calculate the cross-section (Deng, et al., 1999). However, as natural fibres are 
organically grown, they do not have a uniform cross section. This means that the measurement of 
the diameter is not an accurate method of determining cross sectional area (Hu, et al., 2009). Not
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only is there variation between elemental fibres, there is also variation in fibre cross-section along 
the length of a single fibre to consider (Thomason, 2011).
Another issue is that, depending on the fibre extraction process, fibre bundles are extracted and 
tested instead of elementary fibres. This has meant that, in some cases, the fibre bundle strength 
has been sometimes incorrectly reported as single fibre strength (Rudeiros-Femandez and 
Thomason, 2012).
2.7.4 Defects within Natural Fibres
As natural fibres are organically grown, the fibre is prone to imperfections, known as kink bands. 
These kink bands -  otherwise known as dislocations, nodes or slip planes -  are disruptions in the 
fibre cell wall structure (Hannien, et al., 2012). These naturally occurring dislocations have a 
similar appearance to fibres that have failed in compression (Dinwoodie, 1968). These dislocations 
have been observed in unprocessed fibre (Thygesen and Asgharipour, 2008; Thygesen, 2011).
Dislocations along a natural fibre have shown to decrease the performance of wood, nettle and flax 
fibre (Mott, et al., 1996; Davies and Bruce, 1998; Baley, 2002). SEM and polarised light 
microscopy are techniques that have been used to observe these dislocations (Baley, 2004; 
Thygesen, et al., 2006). These dislocations have been shown to cause matrix stress concentrations 
that create inelastic behaviour within composites (Hughes, et. al., 2000, Hughes, et al., 2007). In 
addition, these dislocations have shown to be more vulnerable to chemical degradation (Thygesen, 
2008).
The fibre extraction process (discussed in Section 2.3) has also been shown to increase the 
frequency and severity of dislocations (Madsen, et al., 2012).
2.7.5 Longitudinal Tensile Properties of Fibres
Owing to the difficulty in measuring cross-sectional area and the inter-fibre variation, the results 
fi*om single fibre tests are often presented with a broad range of data. The results from single fibre 
tests of natural, semi-synthetic and conventional synthetic fibres can be seen in Table 2.2. The 
tensile data presented in the table is for the longitudinal direction.
The wide ranges of stiffiiesses and strengths presented in Table 2.2 for some fibres are due the 
different sources from which the data has been gathered. For example, the tensile strength of flax
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can vary between 80 -  1800 MPa. The lowest data set had recorded 8 0 -  149 MPa whilst another 
data set recorded 500 -  1800 MPa (Hornsby, et al., 1997a; Bos, et al., 2002).
Table 2.2. Mechanical properties of natural and semi-synthetic fibres compared to conventional 
synthetic fibres
Fibre Density (gem )
Elongation
(%)
Tensile
Strength
(MPa)
Young’s
Modulus
(GPa)
References
Cotton 1.5-1.6 7 .0-8 .0 287-597 5.5 -12.6 1,2,3
Jute 1.3 1.5-1.8 393-773 26.5 1,2,4,5
Flax 1.5 2 .7-3 .2 80-1800 8 -4 4 2,10,14,15
Hemp 1.4-1.5 1.6-2.6 394-1110 19.3-24.7 6,9,11,21
Sunhemp - - 389 35.4 22
Ramie - 3.6-3 .8 400-938 61.4-128 2,3
Sisal 1.5 2.0-2 .5 511-635 9.4-22.0 1,2,7
Coir 1.2 30.0 175 4 .0-6 .0 1,7
Bamboo - - 836 - 16
Soft Wood Kraft 1.5 - 1000 40.0 8
Enka Viscose - 17.2-23.5 220-226 9 .3-9 .4 10,17
Cordenka 660 - 12 510 17.3 17
Cordenka 700 - 12-14 600-825 15.4-19.5 12,13,17
Cordenka EHM - 3.9-4 .6 710-900 32.2-38.0 10,17
Lyocell - 7.0 540 15.2 10
Fortisan - 6.8 1000 32 17
Liquid Crystal (Acordis) - 5.1 1300 45 17
E-Glass 2.55-2.58 4.5-4 .9 3450-3790 6 9 -7 2 18
S2-Glass 2.46-2.49 5.4-5 .8 4590 -  4830 86-90 18
K-49 Aramid 1.45 2 .5-2 .9 3800 131 18,19
Carbon (AS4) 1.81 1.5-1.6 3700 235 18,19
Carbon (IM7) 1.80 1.8 5170 290 19,20
1 -  (Bisanda and Ansell, 1992). 2 -  (Sridhar, et al, 1982). 3 -  (Zeronian and Ryu, 1987).
4 -  (Gassan and Bledzki, 1997). 5- (Roe and Ansell, 1985). 6 -  (Ugbolue, 1990).
7 -  (Khazanchi, et al, 1990). 8 -  (Michell and Willis, 1978). 9 -  (Placet, et al, 2012).
10 -  (Eichhorn, et al, 2001b). 11 -  (Duval et al, 2011). 12 -  (Einsiedel, et al, 2010).
13 -  (Ganster, et al, 2008). 14 -  (Homsby, et al, 1997a), 15 -  (Bas, et al, 2002).
16 -  (Trujillo, et al, 2012). 17 -  (Boerstoel, 1998). 18-(Agy, 2004).
19 -  (Daniel and Ishal 2006). 20 -  (Hexcel, 2010). 21 -  (Van Rijswijk and Brouwer, 2002).
22 - (Sanadl et al, 1986)
Since there is a known difficulty in obtaining the true strength on natural fibres (Section 2.7.3), the 
data presented in Table 2.2 will need to be used with caution as some reported results might not be
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accurate. For instance, ramie fibre has a reported stiffiiess of up to 128 GPa. This result is around 
four to thirty times greater stiffness than compared with all other types of natural fibres. In 
addition, it is almost double the stiffiiess of E-glass fibre.
From the results in Table 2.2, it can be seen that the semi-synthetic fibre has a lower variation in 
properties compared with natural fibres. As semi-synthetic fibre is manufactured through a 
continuous spun drawn process, there is a greater control of inter- and intra-fibre chemistry, and 
fibre cross section.
The density values for the semi-synthetic fibres have not been presented in Table 2.2 because the 
literature for these fibres has presented the linear density (tex). Without knowing the exact 
cross-sectional area, it is not possible to calculate the density. As these fibres are completely 
cellulosic with an approximate ciystallinity of 40 %, it is expected that the density is between
1.50 - 1.58 g cm .^ The reason why this range is hypothesised is that the cellulosic contents of this 
fibre are higher than hemp and flax but lower than the density of 100 % crystalline cellulose. 
Morton and Hearle (1993) have quoted a density of 1.52 g cm  ^for dry viscose, but do not clarify 
the type of fibre. Hearle (2001) has stated that densities of up to 1.55 g cm  ^have been observed for 
semi-synthetic fibres.
To validate the density estimation for semi-synthetic fibres, Cordenka 700 fibres linear density and 
tenacity were used to calculate the fibre strength (248 tex and 485 mN/tex) (Maatman, et al., 1999). 
These fibre properties produced fibre strength range of 765 -  805 MPa when density limits of
1.50 - 1.58 g cm  ^are used within the calculation. This calculated strength range for the Cordenka 
700 series fibre is in-between the data range presented for highly cellulosic fibre (e.g. Cotton - 
Table 2.2).
Assuming that the data for the tensile properties of the natural fibres are accurate, natural fibres 
have 10 % to 50 % tensile stiffness and 4 % to 40 % tensile strength of an E-glass fibre (omitted 
ramie stif&iess due to reliability concerns). The semi-synthetic fibres have 7 % to 40 % tensile 
stiffiiess and 14 % to 65 % tensile strength of an E-glass fibre. However, natural fibres and semi­
synthetic fibres have a lower density than E-glass. The specific tensile properties of these natural 
and semi synthetic fibres may prove to offer a better comparison.
2.7.6 Specific Tensile Properties
When the mass of a component is an important criterion, such as for automobiles, it is good 
practice to observe the strength and stiffness data as specific properties. The specific tensile
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properties for a select range of fibres fi'om Table 2.2 can be seen in Table 23. If the fibre had a 
density range, the mean fibre density is used for the specific tensile property calculations. A 
density of 1.54 g cm  ^was selected for the semi-synthetic fibres.
The natural and semi-synthetic fibres have improved specific tensile properties compared to 
E-glass fibre. The specific tensile strength of the natural and semi-synthetic fibres is up to 60 % of 
an E-glass fibre as well as a greater specific stiffness than E-glass fibre. Due to the low density and 
higher mechanical properties of Aramid and carbon fibre relative to E-glass, the specific strength 
and stiffiiess of these fibres are still an order of magnitude greater than the natural and semi­
synthetic fibres.
As the specific tensile properties of natural and semi-synthetic fibres are relatively close to E-glass, 
there may be an opportunity for these naturally sourced fibres to replace E-glass in some 
applications, from solely focusing on tensile performance.
2.7.7 Transverse Stiffness and Axial Shear Properties of Natural Fibres
Many types of conventional synthetic fibre do not have isotropic mechanical properties. Examples 
of such fibres are carbon and Aramid fibre (Daniel and Ishai, 2006). This means that the transverse 
fibre properties are different compared with the longitudinal fibre properties. This anisotropy is due 
to the fact that the chains of the crystal structure within the fibre are aligned parallel to the fibre’s 
length (Matthews and Rawlings, 1999a).
As natural and semi-synthetic fibres have the cellulose chains (microfibrils) aligned predominantly 
to the fibre direction (as seen in Figure 2.4b), it is expected that the transverse properties of these 
fibres will be different in the transverse fibre direction. Table 2.4 shows the transverse fibre 
stiffiiess and axial shear modulus for a range of fibres.
The transverse fibre stiffiiess of sisal and flax are one-fifteenth of the longitudinal fibre stiffiiess. 
This difference in stiffiiess between the two orientations is similar for carbon and Aramid fibre. 
The jute natural fibre has shown to have a lower difference in stiffiiess; a factor of seven. These 
results highlight the heterogeneous structure of natural fibres.
The axial shear modulus for the sisal fibre is lower compared to the transverse stiffness. This trend 
is not observed for flax fibre, where the axial shear modulus is higher than the transverse stiffiiess. 
These results demonstrate that a slight variation in fibre structure can have a major impact on 
mechanical performance.
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Table 2.3. Specific tensile properties of natural fibres compared to conventional reinforcements
Fibre Specific Tensile Strength (MPa g^ cm^
Specific Tensile 
Stiffness (GPa g"^  cm^)
Cotton 185-385 3.5-8.1
Jute 300-595 20.4
Hemp 270-765 13.3-17.0
Enka Viscose 142-145 6.0-6.1
Cordenka 700 390-535 10.0-12.7
Liquid Crystal (Acordis) 845 29.2
E-glass 1345 -1475 2 7 -2 8
K-49 Aramid 2620 90
Carbon (IM7) 2870 161
Table 2.4. Transverse fibre stiffness and shear modulus of natural fibres compared with 
conventional fibres
Fibre
Longitudinal
Stiffness
(GPa)
Transverse 
Stiffness (GPa)
Axial Shear 
Modulus 
(GPa)
References
E-glass 73 73 30 1
K-49 Aramid 131 7 21 1
Carbon (IM7) 290 21 14 1
Sisal 28.3 1.5 0.82 2
Flax 32.4 1.4 5 2
Jute 40 5.5 - 3
1 -  (Daniel and Ishai, 2006). 2 -  (Gentles, et ah, 2010). 3 -  (Thomason, 2009).
2.7.8 Non Linear Elastic Properties of Semi-Synthetic Fibres
The stiffness and strengths for the fibres presented in Table 2.3 are taken from the initial elastic 
region of the fibres. At higher strains, the semi-synthetic fibres become non-linear elastic 
(Boerstoel, 1998, Eichhom, et al., 2001b). The point at which non-linear elasticity occurs is around 
1 % strain. Before fracture, there is a slight increase in stiffiiess for these fibres. Eichhom, et al., 
(2001b, p. 123) describes the tensile stress-strain curves over a range of semi-synthetic fibres as:
...an initially linear section, a knee at the yield point, and an approximately linear increase 
after yielding. Note, however, that the higher modulus fibers show more strain hardening.
Upon analysis of the results from Eichhom’s study, this presented explanation of the materials 
behaviour is probably not entirely accurate. Even though the material looks as though it has 
yielded, implying plastic deformation, the stiffiiess after this ‘yield’ point is very linear, albeit at a
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lower stiffness. If the initial elastic region is excluded, the shape of the stress-strain curve could be 
considered elastic.
This conclusion is supported by previous observations of the strain recovery of viscose rayon 
(Press, 1943; Guthrie and Norman, 1961). When a viscose rayon fibre was loaded to a 5 % strain 
and then unloaded, the strain recovered up to 80 % within five minutes. In both sets of research, 
the intention and implementation of viscose rayon’s strain recovery effect was for fabric crease 
recovery in clothing (self ironing). This elastic recovery over time for semi-synthetic fibres could 
prove a very useftil property of a composite.
Another interesting characteristic of semi-synthetic fibres is that the shape of the stress-strain 
curve is heavily dependent on the strain rate (Morton and Hearle, 1993). At high strain rates, 
1096 % per second, the stress at ‘yield’ and at break for a viscose rayon fibre doubles compared 
with low strain rate of 0.0013 % per second. The break strain increases from 21 % for a low strain 
rate to 24 % for a high strain rate. It is interesting to observe that the stiffness after the ‘yield’ point 
is similar for the two extremes of strain rate.
A mechanical model for the non-linear elastic properties of semi-synthetic fibres can be seen in 
Figure 2.5. This model consists of an elastic component, a plastic component and a strain recovery 
component (Goldfinger and Wendell, 1944). The plastic component is only observed immediately 
before fracture, as noted by Eichhom, et al., (2001b).
Due to the shape of the stress-strain curve (initial high stiffness then high elongation) the energy 
absorption before fracture could be another interesting phenomenon to consider when using semi­
synthetic fibres in a composite, especially at high strain rates.
2.8 Properties of Resin Systems used with Natural and Semi-Synthetic 
Fibres
2.8.1 Introduction
This section presents the types of resin systems that have been used to laminate natural and semi­
synthetic fibres to manufacture composites. This section starts with a classification of available 
resin systems, which then leads into examples of conventional thermosetting resins followed by 
examples of conventional thermoplastics. This section is finished with a summary of bio-based 
matrices of both thermoset and thermoplastic resin systems.
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Figure 2.5. Elastic-plastic model for a viscose rayon fibre
2.8.2 Classification of Polymer Systems
A composite material is the synthetic assembly of two or more components, commonly in the form 
of reinforcement material and a compatible matrix. The properties of the composite can be tailored 
to suit the desired characteristics of interest (Ashby and Jones, 2006). The reinforcement can be 
fibrous, with a high aspect ratio, or particulate, with an aspect ratio close to 1. The matrix can be 
metallic, ceramic or polymeric (Matthews and Rawlings, 1999). The role of the matrix within a 
composite is to provide shape, surface appearance, environmental tolerance and durability while 
the reinforcement carries the structural load, thus giving stiffness and strength to the composite 
(Sreekumar and Thomas, 2008).
Out of the three possible matrix types, polymeric systems are the most common (Matthews and 
Rawlings, 1999). Even though the stiffiiess and strength of polymeric materials are lower than the 
two other matrix types, polymer matrix composites can be manufactured at lower temperatures and 
pressures. This means that the tooling requirements to manufacture polymeric composites are 
simpler. A simple classification of polymers can be seen in Figure 2.6. Each class of polymers can 
then be subdivided, depending on their chemistry. The disadvantages of polymer systems are: low 
working temperatures, high coefficients of thermal expansion, and sensitivity to radiation and 
moisture (Matthews and Rawlings, 1999).
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Figure 2.6. Simple classification of polymers for polymeric composites
2.8.3 Conventional Thermosetting Resins
Thermosetting matrices start as a liquid polymer that, when curing has been initiated, forms a cross 
linking structure with covalent bonds between polymeric chains. The curing process requires a 
catalyst or hardener and/or, depending on the system, heat and pressure to initiate cross-linking. 
This process is not reversible, meaning that the cross-linking structure cannot be undone through 
heating (Matthews and Rawlings, 1999). If heat is applied, the cured resin is more likely to degrade 
or bum. The cross-linking process restricts movement of the polymeric chains which increases the 
glass transition temperature, Tg, above room temperature. This means that standard thermosetting 
resin systems are brittle at room temperature and have a low fracture toughness values, typically 
0.5 to 1.0 MPam*^ (excluding ‘toughened’ systems) (Matthews and Rawlings, 1999). The typical 
thermosetting resin systems used with natural fibre composites are unsaturated polyesters, vinyl 
esters, epoxies and phenolics.
Unsaturated polyesters (UP) are systems that have double bonds (unsaturation) in the polymer 
chains are normally dissolved in a reactive organic solvent (Bjorksten, et al., 1956). These resins 
are manufactured by the elimination of water between acids and glycols to form ester linkages. 
This process produces a polymeric chain of alternate acid and glycol units. The acid and glycol 
components can consist of saturated and unsaturated monomers. The ratios of saturation to 
unsaturation, the types of acids and glycols, and polymeric length can all affect the properties of 
the liquid state and the cured bulk properties. The organic solvent can be styrene, vinyl toluene, 
alpha-methyl styrene or methyl methacrylate (Murphy, 1994). These resins are cured using organic 
peroxides which initiate a free radical polymerisation. An accelerator can be added to the resin 
system to speed up cure time.
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Vinyl esters (VE), which cure in a similar manner to UP, are manufactured from the estérification 
of a bisphenol A or novolac with an unsaturated monocarboxylic acid (Murphy, 1994). This 
reaction process forms unsaturation at the extremities of the polymer chain with fewer ester 
linkages. All of these factors mean that the cured resin has improved chemical resistance, fatigue 
resistance and lower permeability to water (Murphy, 1994).
Epo3Q^  resin systems are linear polymers produced by the condensation of an epoxide with 
polyamine hardener (Murphy, 1994). The epoxide can be made by reacting epichlorhydrin with 
bisphenol A. Epoxies differ from UP and VE because they do not require reactive organic solvent. 
The curing process is initiated upon mixing the epoxide and polyamine. The cure time can be 
altered by changing the temperature and the type of epoxide and polyamine. Epoxies can have the 
superior properties compared to other resin systems due to their excellent strength, corrosion 
resistance and adhesion (Murphy, 1994). As they have a high viscosity at room temperature, they 
are usually laminated at elevated temperatures. Another drawback with epoxies is that they are 
more expensive than other resin systems (Matthews and Rawlings, 1999).
Phenolic resin systems are manufactured by reacting phenol with formaldehyde (Murphy, 1994). 
Phenolics were one of the earliest types of synthetic plastics developed (Baekeland, 1909). They 
are inexpensive, with good heat and electrical resistance (Matthews and Rawlings, 1999). 
However, they do require a strong acid as a catalyst to initiate polymerisation.
2.8.4 Thermoplastic Polymers
Thermoplastics are polymers that can be softened or melted upon heating. They consist of linear or 
branched chain molecules that have strong intramolecular bonds but weak intermolecular bonds 
(Sreekumar and Thomas, 2008). These types of resin systems can be reshaped by the application of 
heat and an applied stress. This is due to the weak van der Waals forces with the polymer 
(Matthews and Rawlings, 1999). The resin can be re-solidified by cooling. The fracture toughness 
of thermoplastics can be higher than thermosets. Polyetherertherketone (PEEK) has a fracture 
toughness of around 6 MPa m^  ^(Matthews and Rawlings, 1999). The types of thermoplastic resin 
systems that have been used for natural fibres are polyethylene, polypropylene, polystyrene and 
polyethylene terephthalate.
Polyethylene commonly exists as high density polyethylene (HOPE) or low density polyethylene 
(LDPE). HOPE consists of a linear structure which means that it can have up to 90 % 
crystallisation. LDPE has a branched structure which obstructs alignment and so can only obtain 
up to 60 % crystallisation (Matthews and Rawlings, 1999). The melt point of LDPE is around
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110 °C whereas HDPE has a melt temperature that is around 130 °C (ExxonMobil, 2012a; 
ExxonMobil, 2012b).
Polypropylene (PP) is a moderate cost resin with a relatively low density compared with other 
thermoplastics (Woishnis, 1998). It has a melting temperature of around 160 °C and is brittle at 
sub-ambient temperatures. The crystallinity of polypropylene is between LDPE and HDPE.
Polystyrene (PS) is an atactic thermoplastic that is inexpensive and possesses good electrical and 
moisture resistance (Lokensgard, 2004). The melting temperature of polystyrene is around 250 °C 
and is brittle at room temperature. PS also has low moisture absorption properties but is prone to 
solvent attack.
Polyethylene terephthalate (PET) can exist as an amorphous or semi-crystalline polymer. It has 
good mechanical properties in comparison with other thermoplastics. The tensile stiffiiess of PET 
is 60 % greater than PP (2.7 GPa vs 1.7 GPa) with a tensile strength that is two times greater than 
PP (60 MPa vs 28 MPa) (Madsen, et al., 2007b). Owing to its reasonable mechanical properties, 
PET is also manufactured as a fibrous form for reinforcements or textile applications as well as for 
a polymer matrix system (Ward, 1961; Fakirov and Evstatiev, 1990).
2.8.5 Conventional Rubbers
The greatest market share of the rubber composite market is synthetic rubbers, many of which are 
derived from butadiene (Matthews and Rawlings, 1999). In order to achieve suitable properties for 
composite applications the rubber needs to be vulcanised.
2.8.6 Bio-Mass Derived Thermosetting Resins
Owing to the increasing focus on renewable materials, new resin systems have been developed that 
utilise bio-based monomers for part or all of the resin system. As previously discussed, 
thermosetting resin systems are manufactured from monomers, many of which are petrochemical 
derived. There are now many commercial products that substitute the petrochemical raw materials 
with bio-derived constituents.
It should be noted that many of these systems have been developed through reformulation and not 
by the post-addition of a functional monomer. The addition of a functional monomer has been 
shown to decrease the performance of the base resin, due to the fact that the proportions of the 
resin constituents are no longer optimum (Mehta, et al., 2004; Miyagawa, et al., 2005). Some of
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the bio-derived raw materials that could be used in thermosetting resin systems are propylene 
glycol, succinic acid, castor oil and cashew nut oil.
Bio-derived propylene glycol, a saturated polyol, can be produced on an industrial scale from 
glycerine, the by-product of oleochemical production of vegetable oils (BASF, 2012). Some of the 
companies that manufacture industrial (98 %) and pharmaceutical (99.5 %) grade bio-propylene 
glycol are ADM, BASF and NOENPHA (ADM, 2011; NOENPHA, 2012).
Bio-derived succinic acid, another saturated polyol, can be obtained through fermentation of sugars 
by microorganisms (Taylor, 2010). Some of the companies that manufacture bio-succinic acid on 
an industrial scale are BioAmber, BASF, Myriant and DSM (Guzman, 2012).
Castor oil is a vegetable oil extracted from the castor bean. The fatty acids within castor oil are 
ricinoleic acid. These fatty acids contain a hydroxyl functional group and mono-unsaturation. This 
means that castor oil could be used as an unsaturated polyol within resin systems.
Cashew nut oil, a by-product of cashew farming, is toxic to humans. It consists of 70 % anacardic 
acid, 18 % cardol and 5 % cardanol (USEPA, 2009). This type of oil has been recently converted 
for use as a hardener within epoxy systems (Campaner, et al., 2009).
Companies that are actively pursuing or producing bio based thermosetting resin systems are 
Ashland, Reichhold, AOC, Huntsman and Cray Valley (Anjelkovic, et al., 2009; Reichhold, 2011). 
Table 2.5 displays a list the product ranges of bio based resin systems produced by these 
companies. It should be noted that some companies have grouped together bio-derived and 
recycled content when reporting the bio-content (AOC 2010).
Table 2.5. Commercial, bio-based thermosetting resin systems
Company Product Range Bio content, up to (%) Reference
AOC EcoTek® 35 AOC, 2010
Ashland Envirez® 44 Ashland, 2010
Cray Valley Enviroguard™ 50 RP.com, 2011a
Huntsman Araldite®, Aradur®* 85, 80* Huntsman, 2012
Reichhold Envirolite® 25 Reichhold, 2010
*First product is epoxy, second product is hardener
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2.8.7 Bio-Mass Derived Thermoplastics
Thermoplastics have also seen a recent surge in the use of bio-based feedstocks, mainly for 
packaging applications (Green and Kunneman, 2006). The reason for this shift is that some of 
these systems are bio-degradable (Averous and Boquillon, 2004). The two thermoplastic resin 
systems that have had the greatest attention are poly lactic acid (PLA) and thermoplastic starch 
(TPS) (Sreekumar and Thomas, 2008).
Poly lactic acid can be synthesised by condensation polymerisation of D- or L-lactic acid or by ring 
opening polymerisation of the lactide (Sreekumar and Thomas, 2008). PLA fi-om L-lactic acid has 
a melting point around 170 °C and a glass transition temperature of 53 °C (Mochizuki and Hirami, 
1997). Microbial and enzymatic systems degrade PLA (Tokiwa and Calabia, 2006). Studies that 
investigated the composting of PLA have shown that biodégradation occurs within the first two 
weeks, with the PLA fully degraded within three to four weeks (Meinander, et al., 1997).
Thermoplastic starch is manufactured by disruption of the starch granule by processing at high 
temperature, under shear and in the presence of a plasticiser (Shogren, et al., 1993). Some of the 
issues with using TPS are the poor water resistance and low strength (Park, et al., 2003). TPS is 
also vulnerable to enzymatic degradation (Vikman, et al., 1999).
2.8.8 Bio-Mass Derived Rubbers
Rubbers were originally sourced fi'om latex within the Heva Brasiliensis tree (Matthews and 
Rawlings, 1999). The polyisoprene, which constitutes 98 % of the natural latex, exists as two 
forms with the cw-form dominating. This rubber needs to be vulcanised to achieve suitable 
mechanical properties for composite applications.
2.9 Properties and Performance o f Natural, Semi-Synthetic and 
Synthetic Fibre Composites
2.9.1 Introduction
As there is a wide range of different fibres, resins and processing systems, there is potential for 
many different composite combinations. This section presents the research that has been conducted 
into natural fibre composites laminated with the previously discussed resin systems. The first 
section presents literature concerning composites made using thermosetting resin systems.
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followed by thermoplastic systems then rubber matrices. The literature presented within this 
section considers unmodified fibres and resin systems. At the end of this section are the mechanical 
properties for a selection of synthetic fibre composites. (Composites that utilise modified (treated) 
fibres and resin systems are presented in Section 2.10.)
From the three main types of polymers, thermoplastics have been the primary focus of research 
into natural fibre composites because these systems are sometimes considered to be recyclable. 
Studies have shown that repeated injection moulding cycles has little effect on PP/hemp and 
pp/sisal composites, supporting the hypothesis that these systems can be recycled (Bourmaud and 
Baley, 2007). Since the initial tensile strengths were similar to neat PP within Bourmaud’s study, it 
raises the question of whether this is an appropriate process to manufacture composites, especially 
when bio-based PP will soon be manufactured (de Guzman, 2010).
2.9.2 Unsaturated Polyester Composites
Unsaturated polyester (UP) resins have been used as a matrix for a wide range of natural fibres and 
fabric architectures. It has been demonstrated that the tensile strength, stiffness and impact strength 
increase linearly with fibre volume fraction, Vf, for a Sunn hemp/polyester composite (Sanadi, et 
al., 1986). A sisal/polyester composite has been shown to have a specific modulus of 
1.9 GPa g‘* cm  ^ compared with 2.7 GPa g'^  cm  ^ for a E-glass composite with an impact strength 
three times greater than the bulk properties of the polyester and 30 % less than an E-glass 
composite (Satyanarayana, et al., 1984). From analysing the fracture surfaces of sisal, pineapple, 
banana and coir fibre polyester composites, it was determined that the depth of fibre pullout is 
linearly proportional to the work of fi-acture (Pavithran, et al., 1987). It was shown in this study 
that the sisal fibre composite had the highest work of fracture fi'om the previously listed fibres 
types. It has also been observed that the flexural strength of a sisal/polyester composite is 
dependent on fibre length, with a 16 mm fibre length demonstrating peak composite properties 
(Joseph, et al., 1996).
Dynamic mechanical analysis of banana/polyester composites has shown that the storage modulus, 
loss modulus and dissipation factor varies as a function of temperature, fibre volume fraction and 
frequency (Pothan, et al., 2003). As it is known that natural fibres are hydrophilic, the influence of 
water between jute fibre polyester composite has been studied (Semsarzadeh, 1986).
On the basis that earlier presented research has shown that defects can be induced within the fibre 
due to the extraction process (Section 2.7.4), the effect of different flax fibre extraction processes 
on the resulting composite performance has also been researched (Van de Weyenberg, et al., 2003). 
The results also demonstrate that retting is an important step for composite performance.
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2.9.3 Vinyl Ester Composites
Most of research that has been conducted with vinyl ester composites has focused on treated fibres. 
Thermal conductivity of an unknown natural fibre vinyl ester composite, the jftacture toughness of 
a sisal/vinyl ester composite and the effect of fibre volume fraction on tensile strength of banana 
fibre/vinyl ester composite have all been researched using untreated fibres (Li, et al., 2005; 
Mutnuri, 2006; Ghosh, et al., 2011). The fi-acture toughness of the untreated sisal/vinyl ester 
reached its peak at 5 MPa
2.9.4 Epoxy Composites
The tensile strength and stiffiiess of a unidirectional sisal/epoxy composite has been shown to be 
250 -  300 MPa and 8.5 GPa (Paramasivam and Abdul Kalam, 1974). From analysing the fi-acture 
surfaces of this sisal/epoxy composite it was deduced that the fibre-matrix interface is lower than 
optimum (Bai, et al., 1999). Another unidirectional composite, a flax/epoxy system with a fibre 
volume fi-action of 0.21, was reported to have a tensile stiffiiess and strength of 22 GPa and 
193 MPa respectively (Oksman, 2001).
As expected, the fibre architecture greatly influences the mechanical properties of the composite. 
This has been shown with studies on banana fibre/epoxy composites (Sapuan, et al., 2006). The 
results from fatigue behaviour of oil palm fibre/epoxy composites have shown that increasing the 
fibre volume fraction reduces tensile strength and fatigue life whilst increasing tensile stiffiiess 
(Kalam, et al., 2005).
2.9.5 Phenolic Composites
As phenolic resins offer superior fire resistance and a low cost, they are considered a suitable 
choice for natural fibre composites given the flammability and hydrophilic nature of natural fibres 
(Sreekumar and Thomas, 2008). The optimum fibre volume fraction for short fibre roselle/phenolic 
composite was found to be 0.33 (Singha and Thakur, 2008). Through the addition of flax fibres to a 
phenolic resin, the wear rate was reduced by as much as 70 % compared with the un-reinforced 
phenolic resin (Kalia and Kaith, 2008).
Even through these mechanical results from all studies show that natural fibre composites with 
thermosetting matrices do not match the performance of synthetic fibre composites, they do have 
better mechanical properties than wood composites and many of the plastics’ bulk properties 
(Gowda, et al., 1999).
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2.9.6 Polyethylene Composites
It has been observed that the fibre length, orientation and processing conditions greatly affect the 
tensile properties of sisal/LDPE composites (Joseph, et al., 1993). It has also been recorded that the 
increasing addition of pineapple leaf fibre to LDPE increased the melt viscosity (George, et 
al., 1993). The moisture absorption characteristics at different temperatures and fibre volume 
fractions have been investigated for pineapple leaf fibre/LDPE composites (George, et al., 1998).
2.9.7 Polypropylene Composites
Similar to PE composites, pineapple leaf fibre /PP composites have also demonstrated an increase 
in tensile stiffness and strength with increasing fibre volume fi-action (Arib, et al., 2006). As 
thermoplastics are commonly injection moulded, the effect of operating parameters on the tensile 
properties has been investigated (Joseph, et al., 1999). The dynamic mechanical analysis has been 
conducted on a sisal/pp composite (Joseph, et al., 2003). The results show an increase in storage 
modulus and loss modulus but a decrease in the mechanical loss factor. Even though most 
thermoplastics are not susceptible to environmental degradation, it has been demonstrated that the 
flexural properties of sisal/PP were greatly reduced following weathering (Selzer, 1995).
Short fibre viscose rayon (semi-synthetic) has been used to reinforce polypropylene (Fink, et 
al., 2008). Using the Cordenka 700 fibre, injection moulded composites with a 0.3 fibre volume 
fi-action demonstrated a tensile strength of 74 MPa (Ganster, et al., 2008). In addition, tests results 
show that the Tencel fibre produced the highest tensile stiffness and strength compared with 
Cordenka 700 fibre when injection moulded with PP resin (0.25 Vf); stiffiiess of 3.6 GPa vs 
2.6 GPa and strength 74 MPa vs 66 MPa (Ganster and Fink, 2006). With a 0.3 fibre volume 
fraction, the Cordenka/PP composite has a 30 % higher tensile strength (78.7 MPa vs 56.3 MPa), 
35 % lower tensile stiffness (2.94 GPa vs 4.1 GPa) and 260 % higher Charpy un-notched impact 
strength (89 kJ/m^ vs 35 kJ/m^) compared with a glass/PP composite (Ganster, et al., 2006).
2.9.8 Polystyrene Composites
Research conducted by Manikandan Nair et al (1996) demonstrated a longitudinal tensile strength 
and stiffness for aligned sisal/PS composites of 45 MPa and 1.0 GPa respectively (0.3 Vf). In 
addition, the transverse tensile strength and stiffness were recorded as 11 MPa and 0.58 GPa 
respectively (0.3 Vf).
Page 140
Hemp fibre bundles have also been used to reinforce polystyrene (Vilaseca, 2004), Tensile and 
flexural testing recorded a 40.4 MPa tensile strength, 76.7 MPa flexural strength and 4.2 GPa 
flexural stiffiiess (0.225 Vf). These results were slightly lower than the strength and stiffiiess of an 
E-glass/PS composite with the same fibre volume fi-action (46.9 MPa tensile strength, 87.2 MPa 
flexural strength and 4.5 GPa flexural stiffiiess).
2.9.9 Polyethylene Terephthalate Composites
Madsen (et al. 2007b) investigated the tensile properties of unidirectional hemp/PET composites. A 
composite with a fibre volume fraction of 0.48 demonstrated a tensile stiffiiess and strength of 
28 GPa and 280 MPa. In addition, this study has shown that the ultimate strength decreases with an 
increasing process temperature. The results also show that PET/hemp composite produced a higher 
tensile strength than PP/hemp and PE/hemp composites.
2.9.10 PLA Composites
The addition of flax fibre (30 wt.Vo) to PLA has been shown to increase the tensile strength fi-om 
50 MPa to 53 MPa and the tensile strength from 3.4 GPa to 8.3 GPa (Oksman, et al., 2003). As 
this composite is fully compostable, the potential applications are temporary systems, such as 
packaging.
Cordenka viscose rayon short fibre (semi-synthetic) has been used to reinforce PLA. Tension 
testing of these composites has demonstrated strength and stiffiiess of 81 MPa and 4.9 GPa 
respectively for a composite with a 0.3 fibre volume fraction (Einsiedel, et al., 2010). The tensile 
stiffiiess and strength of this composite is greater than that of the Cordenka/PP composite presented 
earlier.
2.9.11 Natural Rubber Composites
Being one of the first synthesised polymers, there is extensive research with natural and synthetic 
rubber composites. Studies on the effect of fibre alignment and orientation on the mechanical 
properties of coir fibre natural rubber composites has been conducted (Geethamma, et al., 1995). 
Due to the inherent variability of natural fibres, one processing method utilised blends of fibre to 
create hybrid natural fibre rubber composite (Jacob, et al., 2004).
The addition of coir fibre to the natural rubber demonstrated lower mechanical properties, 
especially at low fibre volume fractions, compared with the un-reinforced natural rubber. This low
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mechanical performance has also been observed with an oil palm wood flour/natural rubber 
composite (Ismail, et al., 1997). Fracture and interface studies have shown that low composite 
performance is due to poor interfacial adhesion at the resin-fibre interface (Ismail, et al., 2000).
2.9.12 Synthetic Rubber Composites
As the manufacturing process has shown to be of importance for composite properties, the 
processing behaviour of short sisal fibre reinforced styrene-butadiene rubber has been studied 
(Prasantha Kumar, et al., 2000).
Owing to the good mechanical properties of Cordenka viscose rayon, one of the main applications 
of this fibre is in conjunction with a rubber matrix for the production of ‘run-flat’ tyres (Boerstoel 
and Ypma, 2000; Cordenka, 2011). As the aspect ratio of viscose rayon is greater than the natural 
fibres, the interface strength is not a concern as in the case of short natural fibre/rubber composites.
2.9.13 Synthetic Fibre Composites
For natural or semi-synthetic fibre composites to be considered a substitute for synthetic fibre 
systems within structural applications the mechanical properties of these natural or semi-synthetic 
fibre composites need to be comparable to synthetic fibre systems. Table 2.6 presents the 
mechanical properties for some synthetic fibre composite systems.
Composite Type
Fibre
Volume
Fraction
Density 
(g cm^)
Longitudinal
Modulus
(GPa)
Longitudinal
Tensile
Strength
(MPa)
Ultimate 
Longitudinal 
Tensile Strain
E-glass/Epoxy 0.55 1.97 41 1140 0.028
S-glass/Epoxy 0.50 2.00 45 1725 0.029
Kevlar 49/Ep05iy 0.60 1.38 80 1400 0.015
Carbon/Epoxy
(AS4/3501-6) 0.63 1.60 147 2280 0.015
Carbon/Epoxy
(IM7/977-3) 0.65 1.61 190 3250 0.016
Table 2.6 Properties of Typical Unidirectional Composites (Daniel & Ishai, 2006)
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2,10 Treatment Processes and Effect on Composite Performance
2.10.1 Introduction
Owing to the poor interfacial strength of natural fibres with resin systems and the limitations of 
using natural fibres, such as moisture absorption, researchers have been using various treatment 
methods on natural fibres, as well as considering the addition of compatiblisers into resin systems 
to improve composite performance. Treatment processes could also be used to improve a range of 
other factors. These include: improving the ability of the resin to wet out the fibre, changing the 
surface roughness and surface tension, altering the fibre structure, and modifying the crystal 
structure of a natural fibre fi'om Cellulose I into Cellulose H.
Engineering the fibre-matrix interface is very important for composite systems because it governs 
the stress transfer between the matrix and fibres (Matthews and Rawlings, 1999). There is a 
balancing act to be performed when altering the interface characteristics. Lower than optimum 
interface strength will result in low composite stiffness and strength but high resistance to fracture, 
whereas a higher than optimum interface strength will result in high composite stiffiiess and 
strength but low resistance to fi-acture.
There are two distinct methods for interface modification; physical and chemical. Physical 
methods alter the structural or surface properties without the addition of chemical agents to the 
fibre (Zafeiropoulos, 2008). Chemical methods use chemical agents to modify the interface 
characteristics.
This section describes the various fibre treatment methods that have been attempted for natural 
fibres and considers the extent to which they improve the physical and mechanical properties of the 
composite. The first three sub-sections describe physical methods with the latter four sub-sections 
presenting chemical treatment processes.
2.10.2 Corona Treatment
Corona treatment process uses the formation of ionising fields to alter surface properties of a 
natural fibre (Belgacem, et al., 1994; Mukhopadhyay and Fangueiro, 2009). Within this ionised 
region, excited chemical species are present that can modify the fibre’s surface.
Changes in surface physical and chemical properties have been observed through SEM and XPS 
analysis (Ke, et al., 2008). The ionisation region is formed by high-energy electromagnetic fields
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between two points. The corona treatment can be conducted in air, at atmospheric pressure and at 
relatively low temperatures (Zafeiropoulos, 2008).
Increasing the degree of treatment has been shown to decrease the contact angle of a urea- 
formaldehyde resin (Sakata, et al., 1993). This means that a resin system should be able to ‘wet 
out’ corona treated fibres more effectively than untreated fibres (Gassan, et al., 2000). It has been 
observed that the melt viscosity decreases for a cellulose/PE composite when the cellulose had 
been corona treated (Dong, et al., 1992). One of the issues of this process is that it is not suited to 
three-dimensional shapes (Walzak, et al., 1995). This effect results in an uneven treatment of the 
fibre.
An increase of 30 % in flexural strength has been observed for a jute-epoxy composite at optimum 
corona treatment (Gassan and Gutowski, 2000). This study has shown that the yam tenacity 
reduces when corona treated, reducing the ease at which the yams can be processed.
The corona treatment process can also be used as a pre-treatment for a chemical grafting process 
(Bataille, et al., 1994).
2.10.3 Plasma Treatment
The plasma treatment has a process configuration similar to corona treatment because an ionised 
region is created to modify surface characteristics. Plasma treatment is different to corona 
treatment because a selected gas is used to form high-energy excited species. If the process is to be 
conducted at low temperatures to avoid degradation of the natural fibres, a low pressure system is 
required (Garbassi, et al., 1998).
When this treatment process has been used on semi-synthetic fibres the interfacial shear strength 
doubled within a LLDPE composite (Felix et al., 1994). The explanation for the dramatic increase 
was due to the formation of hydroperoxides on the fibre to allow covalent bonding with the matrix.
Excluding initial installation costs, the plasma treatment process is relatively inexpensive in 
comparison with the material costs of the hemp fibre (Cams, 2011).
2.10.4 Heat Treatment
As previously discussed, thermal degradation of natural fibres is one of the design considerations 
(Section 2.6.4). Even though it was discussed as a limitation, thermal degradation of a natural fibre 
can have a beneficial effect in terms of surface characteristics. This is due to the formation of
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carbonyl, carboxyl and peroxide groups on the surface of the fibre in the presence of air 
(Shafizadeh, 1985). When heat treatment was utilised for improving composite performance, there 
was a slight increase in the interfacial shear strength of composites (Liu, et al., 1994).
Studies have shown that the optimum composite processing temperature for the peak mechanical 
performance of a cellulose fibre/LDPE composite is 225 °C (Sapieha, et al., 1989). Infrared 
spectroscopy examinations of this composite determined the existence of two extra infrared 
absorption bands that reflect the existence of ketonic acid and ester groups.
2.10.5 Mercérisation
Mercérisation is one of the oldest treatment processes for natural fibres. Developed by John Mercer 
in 1844, the process involved treating cotton with caustic soda to improve fibre properties (Heines, 
1944). When a natural fibre is Mercerised, the cellulose begins to swell from its commonly 
elliptical shape to a uniformly cylindrical cross-section (Karmakar, 1999). The fibre is then washed 
and dried. During these last two processing stages the fibre cross-section shrinks. As this shrinking 
effect is relatively uniform, the fibre retains some form of uniform cross-section. The 
Mercérisation process changes the crystal structure within natural fibres from Cellulose I into 
Cellulose II (Figure 2.3).
The duration of treatment, temperature and concentration of the chemicals will determine the 
extent to which the fibres are modified. This freedom to define processing parameters has resulted 
in a wide range of sodium hydroxide concentrations (1 % to 25 %), treatment time durations 
(30 minutes to 48 hours) and temperature ranges (20 °C to 100 °C) for the Mercérisation of natural 
fibres (Aziz and Ansell, 2004; Ouajai and Shanks, 2005; Van de Weyenburg, et al., 2006; 
Pickering, et al., 2007; Kostic, et al., 2008; Troedec, et al., 2008).
This process has been shown to assist in the fibre separation from bundles and removing natural 
and artificial impurities (Zafeiropoulos, 2008). This enhances the accessibility of the cellulose and 
improves the resins ability to ‘wet-out’ the natural fibre (Bisanda and Ansell, 1991; Lai, 1995). 
However, the mercérisation process has been shown to increase the amount of amorphous cellulose 
at the expense of crystalline cellulose (Ott, 1943). It has been demonstrated that the Mercérisation 
process is effective at removing hemicellulose, allowing elementary fibre separation, but not 
effective for removing lignin (Batra, 2007).
The Mercérisation process on sisal fibre has resulted in an increase composite compressive 
strength of 21 % (Bisanda and Ansell, 1991). An increase in flexural stiffriess of a sponge gourd
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fibre/polyester has also been reported (Boynard, et al., 2003). This performance increase was 
attributed to the removal of contaminants on the surface of the fibre as well as improved fibre 
separation.
To address the issue of poor lignin removal, the mercérisation process can be improved by the 
addition of sodium chlorate. As a consequence of removing the lignin, the resin’s ability to wet out 
a fibre can be improved (Pejic, et al., 2008).
Mercérisation with sodium carbonate and sodium sulphide has also been investigated because 
some researchers believe that the use of sodium hydroxide and sodium chlorate is too aggressive 
on natural fibres (Beckermann and Pickering, 2008).
Studies of fibre separation with semi-synthetic fibre (already cellulose II) using mercérisation have 
determined that the fibre separation mechanism produces greater improvements in mechanical 
performance than changing the ciystal structure of a natural fibre (cellulose I to cellulose II) 
(Karlsson, et al., 1996).
2.10.6 Estérification
In the estérification treatment process the formation of ester bonds is induced on the surface of a 
fibre (Zafeiropoulos, 2008). Since the surface of a natural fibre is rich in hydroxyl groups 
(Figure 2.2), chemicals, such as anhydrides and chlorides, are specifically selected to form 
chemical bonds with this hydroxyl functional group. The four common estérification processes are 
benzylation, acétylation, propionylation and treatment with stearates.
In the benzylation process the surface of the natural fibre is reacted with a chemical with a benzyl 
functional group, such as benzylchloride (Hon and Chao, 1993). Through the formation of benzyl 
groups on the surface of a natural fibre it has been demonstrated that the fibre can be fully miscible 
with polystyrene resin. This is due to pi bonds between electrons of the benzyl molecule of the 
surface of the fibre and the aromatic ring of the polymer matrix. The benzylation chemical 
treatment process does not alter the shape of the fibres (Westerlind, et al., 1987).
In the acétylation process the surface of the natural fibre reacts with chemical containing acetyl 
functional groups. This process can promote full estérification of the cellulose molecule in a 
homogeneous phase. When natural fibres are acetylated the reaction is heterogeneous, causing 
uneven treatment (Nevell and Zeronian, 1985). The treatment process can be catalysed by using 
pyridine, sulphuric acid, potassium and sodium acetate (Rowell, et al., 1986). The fibre 
constituents that react during the acétylation process are amorphous cellulose, lignin and
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hemicellulose (Sjostrôm, 1981). The reason why crystalline cellulose does not react is that 
sub-surface regions are inaccessible due to the tightly packed crystal structure (Zafeiropoulos, 
2008). This treatment process has been shown to reduce to moisture uptake of jute and pinewood 
by 50 % and 65 % respectively as well as increase the inter-facial shear strength of natural fibre/PS 
composites (Liu, et al., 1994; Bledzki and Gassan, 1999). The chemical and morphological 
changes to the surface of a natural fibre using this treatment process have also been studied 
(Zafeiropoulos, et al., 2002; Zafeiropoulos, et al., 2003; Tserki, et al., 2005a; Tserki, et al., 
2005b).The results from these studies have demonstrated that this treatment process improves the 
interface strength and high temperature stability.
In the propionylation treatment process natural fibres are modified with propionic anhydride 
(Tserki, et al., 2006a; Tserki, et al., 2006b). Single fibre fragmentation tests demonstrated an 
increase in interface stress transfer efficiency. However, the propionylation treatment process is not 
as effective as acétylation in improving the interface strength (Tserki, et al., 2005b).
Stearic acid is a long chain fatty acid that has been used as a coupling agent in the paper industiy 
(Swanson, 1978). At long treatment times it has been reported that the strength of a single fibre had 
decreased. However, stearated single fibre flax/PP composite showed enhanced stress transfer 
capability (Zafeiropoulos, et al., 2002; Zafeiropoulos and Baillie, 2007).
2.10.7 Silane Coupling
Conventional fibre reinforcements, such as glass and carbon, see a sizing applied to the fibre. One 
of the roles of the sizing is to enhance adhesion and improve dispersion which can increase the 
mechanical properties (Al-Moussawi, et al., 1993; Mallarino, et al., 2004). A silane based coupling 
agent is an example of a fibre-resin adhesion promoter. This coupling agent has a hydrolysable 
functional group, which will react with the fibre surface to form a chemical bond, and a non- 
hydrolysable organic radical, which can react/cross-link with a resin system (Gelest, 2006).
Wood fibre composites that have been sized with a silane coupling agent have demonstrated only 
minor improvements to composite performance as well as a number of negative effects (Kokta, et 
al., 1989; Maldas, et al., 1989; Raj, et al., 1989a). This is because the coupling agent has no 
positive improvement on fibre-matrix adhesion (Mieck, et al., 1995).
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2.10.8 Graft Copolymérisation
In the graft copolymerisation process the cellulose molecules on the surface of the fibre are 
chemically linked with appropriate substances that are compatible with the polymer matrix 
(Zafeiropoulos, 2008). The two mechanisms of reaction with the fibre surface are through 
polymerisation or by direct reaction between the cellulose molecules. The three sub-categories of 
graft copolymerisation are triazine agents, isocyanates and maleic anhydride.
Softwood fibres have been treated with a variety of triazine agents infused with unsaturated 
polyester resins (Zadorecki and Flodin, 1985a). The fibres became hydrophobic and there was an 
increase in the tensile strength of the composite. SEM analysis of fracture surfaces showed that the 
dominant mechanism of failure was predominantly fibre pullout for untreated fibres whereas 
treated fibres demonstrated fibre breakage. This test method has been shown to reduce the interface 
cracking of cellulose/polyester composites after weathering (Zadorecki and Flodin, 1985b).
Isocyanates have been used as binder from the late 1970’s onwards (Zafeiropoulos, 2008). The 
isocyanante can react with the hydroxyl group on the surface of a fibre to form a urethane linkage. 
A range of isocyanates have been studied as a bonding agent within wood/PE composites (Raj, et 
al., 1988). The use of this coupling agent increased the stiffness and strength of these composites. 
In some instances, the improvement in mechanical properties was nearly 300 % (yield strength 
increased from 11.2 MPa to 31.9 MPa). This improvement has been attributed to the improved 
wetting characteristics of that particular fibre-resin system (Raj, et al., 1989b).
Treating fibres with maelic anhydride (MA) modified polymers has proved to be the most popular 
grafting method (Cantero, et al., 2003; Li and Sain, 2003; Keener, et al., 2004; Li, et al., 2007). 
This treatment process causes the formation of esteric and hydrogen bonds between the MA and 
hydroxyl groups (Felix and Gatenholm, 1991). A diagram illustrating this chemical reaction can 
be seen in Figure 2.7. The most popular MA modified polymer is MA grafted polypropylene 
(MAPP). The use of MAPP has been shown to increase the stiffness and strength of natural 
fibre/PP composites (Mieck, et al., 1995; Hornsby, et al., 1997b). Inter-facial shear strength has 
been shown to increase by as much as 70 % for composites using MAPP (Joly, et al., 1996). The 
modem method for administering this treatment is to directly add the MAPP to the resin system 
(Beckermann and Pickering, 2008). The optimum composite properties are obtained at 3 wt.Vo to 
5 wt.Vo of MAPP within the total composite system (Pickering, et al., 2007). MA grafted 
polyethylene (MAPE), a relatively new MA modified polymer, has displayed potential for 
improving the interface strength of PE resin systems (Mohanty, et al., 2005).
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OHOH OHOH O OH
Figure 2.7. Systematic diagram of maleic anhydride grafted polypropylene chemical reaction on 
the surface of a natural fibre (Zafeiropoulos, 2008)
2.11 Concluding Remarks
2.11.1 Bio-derived Thermosetting Resin Systems
There are now many commercial bio-based thermosetting resin systems. However, these ‘bio’ resin 
systems have yet to be investigated in order to show that they offer identical or even superior 
performance to the standard systems. This criterion will be important for the commercial success 
of such bio-based systems. This research will compare the performance of bio-derived 
thermosetting resin systems compared with conventional resin systems.
2.11.2 Natural Fibre Composites
The presented literature has shown that natural fibre composites have the potential to be a 
competitive replacement for conventional fibre composites when the correct fibre type, processing, 
architecture, treatment (modification) and resin combination is selected. Owing to the many fibre 
types, fibre processing methods, treatment processes, resin systems and the inherent variability 
when utilising such materials, it is currently difficult determine which is the best combination to 
use to obtain the optimum mechanical properties. The various combinations mean that there are 
still gaps within literature. As a result of the gaps, this study will need to test few types of natural 
fibre in order to understand which resin systems, manufactured by Scott Bader, produce optimum 
composite performance.
In almost all instances, the mechanical properties of CSM natural fibre composites are lower than 
those of CSM E-glass composites. Many natural fibre composites presented in this review were 
less than a half of the strength of E-glass composites. The tensile results can be slightly improved 
when density is taken into account (specific properties). Where the author believes the performance
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of natural fîbre/bio-resin composites will be more favourable than conventional composites is 
when the environmental and economical factors of the materials are used to calibrate the results 
and analysis. Despite not being the normal method for presenting the results, it may provide some 
intriguing comparisons that might not have been foreseen. For instance, if the energy requirement 
per kilogram to manufacture natural fibres is a quarter of the energy requirements of E-glass fibre, 
the composite ‘strength per Joule’ would be superior for natural fibres than E-glass fibres.
2.11.3 Semi-Synthetic Fibre Composites
Semi-synthetic fibres, which do not have the inherent variability present in natural fibres, have 
demonstrated greater performance than E-glass composites in some instances. The short fibre 
Cordenka/PP and Cordenka/PLA composites achieved greater stiffiiess, strength and Charpy 
impact strength (notched and unnotched) than E-glass/PP composites. As semi-synthetic fibres are 
highly processed (high inputs of energy and resources), they could be environmentally worse than 
E-glass when a life cycle assessment is conducted to compare these different fibre systems.
Owing to the reproducibility of the fibre, this type of reinforcement may be useful for engineering 
composites (structural components). As a result, the mechanical properties of composites with this 
type of fibre will be analysed. It will also be interesting to observe if the non-linear elastic 
behaviour of this fibre is observed within composites. This could lead to composites with high 
energy absorbing characteristics.
2.11.4 Methods of Composite Characterisation
Most of the research with natural fibre composites utilises mechanical testing, usually tension and 
flexure, to characterise and compare different composite systems. However, very little is yet 
understood about the fracture of these natural fibre composites. Test methods that can be employed 
to interrogate the fiacture mechanics of systems would be single edged notched fracture toughness 
and double cantilever beam (Chard, 2008). To allow comparisons of these composites with 
previously published literature, tension and flexure testing will form the bulk of material 
characterisation within this study.
2.11.5 Composite Optimisation Processes
There is great focus on using various treatment processes to alter the natural fibre to become more 
tailored for resin systems. Veiy little has been done to alter resin systems to be more applicable
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with natural fibres. If a resin system was designed to be compatible with natural fibres then it 
would negate the need for any fibre treatment processes. The development of a resin system 
specifically tailored for natural fibre composites will be another focus of this research.
The overarching goal of this research was to develop a more sustainable composite. If expensive 
and environmentally negative treatments are used to improve composite performance, these factors 
could be the dominant aspects when cost and life cycle assessment determined for the final 
composite. It might be better, financially and environmentally, to consider semi-synthetic fibres 
than heavily modified natural fibres.
This literature review has shown that there is much work to be done for characterisation and 
optimisation for the development of natural fibre/bio-resin composites. The remaining chapters of 
this thesis aim to address the research gaps that have been discovered within the literature.
The next chapter presents the materials and methods used within this research for the development 
of sustainable and enhanced natural fibre composites.
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3. Materials and Manufacture
3.1 Introduction
To fulfil the aims of this project, a range of fibres and thermosetting resin systems were utilised. 
As this research has an industrial focus, most of the fabrics selected were already manufactured on 
an industrial scale. Through Scott Bader’s understanding of thermosetting polymers, new resin 
systems, which were not commercially available, were also investigated alongside conventional 
resin systems. Owing to the confidentially of the resin systems, some of the polymer information 
has been omitted.
The chapter will first consider the fibres and fabric architectures utilised within this research. This 
will be followed by a discussion of conventional resin systems, modified resin systems and resin 
blends. Processing rates are then described, including the design and construction of an infusion 
mould for vacuum assisted resin transfer moulding (VARTM) for the viscose rayon fibre. This is 
followed by a presentation of the laminating procedures. This chapter concludes with a summary 
section.
3.2 Fibres and Fabrics
3.2.1 Introduction
This research study has utilised three natural fibre fabrics and a semi-synthetic fibre. The fibre 
type, fabric architecture and suppliers for these materials were as follows:
• Hemp, chopped strand mat (CSM) fabric -  Hemp Technology
• Hemp, unidirectional yam fabric -  Engtex
• Flax, hopsack woven fabric -  DeMontfort University
• Viscose rayon, continuous yam (roving) -  Cordenka
An E-glass CSM fabric from Metyx was selected as a representative conventional reinforcement 
for comparable purposes. An in-depth description for each of these fabrics is presented.
3.2.2 Hemp CSM Fabric
Hemp Technology, previously known as Hemcore, manufacture a needle punched hemp CSM 
fabric that is commonly used for mulching and tree planting (Hemcore, 2008). This material was of
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strategic interest since it was selected for the external body panels of the Lotus Eco Elise car 
(Lotus, 2012). These composite panels were manufactured by a resin transfer moulding process.
From visual inspection of the fabric, it appears that the fibres are predominantly bast fibre with a 
very small percentage of core material (Figure 3.1). The bast fibres within this fabric have not 
been fully separated (Figure 3.2). The areal density of this fabric is approximately 800 gsm. This 
fabric has highly variable areal density, with regions of high and low fibre content. This fabric in 
its natural, un-compacted state has a thickness of approximately 5 mm.
This fabric has the lowest cost per kilogram compared with the other reinforcements utilised within 
this study. However, the minimal processing to manufacture this fibre has resulted in poor bast 
fibre separation and is contaminated with core material. These factors will have a detrimental 
effect on the achievable composite performance.
3.2.3 Hemp Unidirectional Fabric
Engtex is a weaving company that manufactures textiles of different fabric architectures fi’om 
yams. A unidirectional yam fabric was manufactured by Engtex from twisted hemp yams that 
were held together by a fine cotton cross-stitch (Figure 3.3). Each yam has around 100 twists per 
metre.
For the most part, the yams have a diameter of approximately 1 mm, determined by visual 
inspection. It was evident in some locations on the fabric that there is variability in the thickness of 
the yam with individual yams having a diameter of 3 mm (Figure 3.4). This is likely to be where 
one bobbin was exhausted and the yam from new bobbin needed to be attached. The fibres within 
the yam seem to be sufficiently separated into elementary fibres. There was no noticeable 
contamination of core material within this fabric. As it was possible to obtain 25 kg of this fabric, 
with an areal density o f240 gsm, it meant that it was possible to fulfil the planned scope of tests.
3.2.4 Flax Plain Woven Fabrics (Hopsack)
The Textile Engineering and Materials (TEAM) department at DeMontfort University in Leicester 
were able to supply four balanced, plain woven fabrics that were manufactured from flax fibre. The 
only visual difference between three of the fabrics was the number of tows used in the weft and 
warp. One of the avenues of investigation within this study was to determine which plain woven 
configuration would achieve optimum mechanical performance. Plain weave fabrics have the
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greatest level of stability compared with other fabrics but the higher degree of crimp is detrimental 
to in-plane mechanical properties (Rudd, et al., 1997).
The fabrics supplied were 2/2 (2 weft tows and 2 warp tows), 3/3, 4/4 and a ‘modified’ 4/4; 
Figure 3.5 and 3.6 show two of the fabrics. The exact reason for this modification to the 
‘modified’ 4/4 is unknown, but it is speculated that it is based on a different type of flax. Each tow 
was formed by twisting two flax yams together. The yams have an approximate diameter of 
0.25 mm (deduced from visual inspection). An observational difference between the 3/3 and the 
two 4/4 fabrics compared with the 2/2 fabric is that the tows within the 3/3 and 4/4 fabrics were 
tighter together. A ‘tight’ fabric is likely to have a higher fraction of fibres in any composite and 
hence lead to the best mechanical properties. Each fabric has a nominal thickness of 0.5 mm.
50 mm
Figure 3.1. Hemp CSM fabric (top down view)
30 mm
Figure 3.2. Inadequately separated fibres from surface of hemp CSM fabric
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Figure 3.3. Hemp unidirectional fabric
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ric showing cotton cross-stitch andFigure 3.4. Close-up of hemp unidirectional fab  variability in 
yam thickness
25 mm
Figure 3.5. Close-up of 4/4 woven flax fabric
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25 mm
Figure 3.6. Close-up of 2/2 woven flax fabric
3.2.5 Viscose Rayon Yarn
Cordenka manufacture a variety of regenerated cellulose yams from the viscose process. In the 
present work three types of 700 series yam were investigated in order to find the fibre type which 
produced the optimum composite mechanical performance. The designation “700” refers to a 
Super 3 type high modulus viscose rayon yam. The yam that achieved the greatest composite 
mechanical properties was then selected for further testing.
The three 700 series yams used were untwisted/coated, twisted/coated and untwisted/uncoated. 
These yams were supplied as continuous fibre bobbins, similar to how E-glass yam is supplied. 
The linear density of the yams is 184 tex with approximately 1000 filaments in a yam (Cordenka, 
2009). There are 100 twists per metre for the twisted yam. The two coated yams, which are the 
standard commercial products, have a mineral oil coating applied, which assists with the 
manufacture of established products such as mn-fiat tyres and hoses. The non-commercial 
uncoated yam did not utilise this mineral coating.
3.2.6 E-glass CSM Fabric
The reason for selecting a E-glass CSM reinforcement as a comparator over other types of 
conventional fibres and fabric architectures was that natural fibre composites are more likely to 
compete against E-glass CSM composites. An E-glass CSM fabric has the lowest mechanical 
properties compared with other synthetic fibre composites and is frequently used for semi- 
stmctural and non-stnictural applications (Daniel and Ishai, 2006).
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The E-glass CSM fabric used, supplied by Metyx, was a Metycore hybrid fabric with a 180 gsm PP 
layer sandwiched between two layers of 600 gsm E-glass CSM (Figure 3.7). This type of CSM is 
suitable for processing by vacuum assisted resin transfer moulding, the route used in the present 
study.
Figure 3.7. E-glass CSM fabric; top layer of glass peeled back to expose PP core
3.3 Thermosetting Resin Systems
3.3.1 Introduction
This study has utilised a range of thermosetting resin systems in order to meet the aims of this 
study. These have included conventional, modified, blended and bio-based systems. All of the 
resin systems used within this research were developed at Scott Bader Company Ltd., a speciality 
polymer company that develops systems for all stages of composite manufacture. These polymer 
systems are specifically optimised for conventional reinforcements, such as glass and carbon fibre. 
Before the start of this study, Scott Bader did not have any commercial bio-based resins or systems 
optimised for natural fibre composites.
3.3.2 Conventional Thermosetting Resins
One of the first tasks of this study was to determine the performance of natural fibre composites 
based on conventional resin systems. The conventional resin systems used were an unsaturated 
polyester, a vinyl ester and two urethane methacrylates.
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The unsaturated polyester was Ciystic 701 PAX, which resin system is a pre-accelerated, non- 
thixotropic, isophthalic resin system of low viscosity (1.6 poise, ICI). This resin system is 
specifically designed for closed mould applications, but can be modified for hand-lamination by 
the addition of a wax additive. Ciystic 701 PAX has good tensile stiffiiess and strength as well as 
low moisture absorption (Scott Bader, 2010).
The vinyl ester used was Crystic VE671, which is a non-thixotropic, epoxy bisphenol-A resin 
system. This vinyl ester has a higher viscosity than the unsaturated polyester (4.5 poise, ICI), 
which is why it is commonly used for open lamination systems but can be used within closed 
moulds (Scott Bader, 2010).
Urethane methacrylate resin systems are manufactured from an addition polymerisation reaction 
involving di/poly-isocyanates and hydroxy aciylates. Whilst there is no control of where 
unsaturation occurs along the polymer backbone within unsaturated polyesters, urethane 
methacrylates only have unsaturation at the ends of the polymer chain. The urethane methacrylates 
utilised within this research were Crystic Crestapol 1212 and 1250LV. The Crestapol 1212 has a 
lower viscosity than the unsaturated polyester (0.7 poise, ICI) whereas the Crestapol 1250LV has a 
slightly higher viscosity than the unsaturated polyester (2.2 poise, ICI). Crestapol 1212 is designed 
for closed mould and pultrusion systems whilst Crestapol 1250LV is solely designed for closed 
mould (Scott Bader, 2010).
3.3.3 Modified Vinyl Ester Resin
Based on initial testing and consideration of the compatibility of conventional resins with natural 
fibres, modified resin systems were developed. This was achieved either through adjusting the 
polymer characteristics, namely viscosity, or improving interface adhesion.
The first modification was to the vinyl ester, Ciystic YE 671. The high viscosity of this resin 
system was believed to contribute to the high level of porosity observed in the natural fibre 
composite. This was due to the inability of the resin to wet out the natural fibres sufficiently. This 
high level of porosity reduces stress transfer between the fibre and the matrix, which in turn creates 
stress concentrations within the laminate, causing failure at lower stresses.
In order to reduce the viscosity of the vinyl ester, 14 w/.% of styrene was added to the resin system. 
This modification reduced the viscosity from 4.5 poise to 2.5 poise (ICI). This addition of extra 
styrene was expected to reduce the mechanical properties of the resin system, since the resin 
constituents were no longer at optimum proportions (approximately 50 % increase in styrene
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content). However, the improved wetting of the natural fibres should reduce porosity and, as a 
result, improve laminate performance. This resin system has been labelled VE671+14%sty.
3.3.4 Modification by Coupling Agent
To improve the interfacial adhesion of natural fibre composites, a coupling agent was developed at 
Scott Bader. From understanding how a coupling agent is designed for a synthetic fibre, a coupling 
agent was developed to promote interface adhesion between the natural fibre and the thermosetting 
resin system. This coupling agent has two functional groups: one functional group will form a 
chemical bond with the -OH groups on the surface of a natural fibre; and another functional group 
with unsaturation for cross-linking with the polymer matrix.
As natural fibres are sensitive to moisture, this coupling agent was specifically designed so that it 
would not develop water fi-om the reaction with the surface of the natural fibre. Since the coupling 
agent is highly reactive with any -OH groups (not solely with the natural fibre surface) careful 
selection of an appropriate resin system was required to ensure that the coupling agent only reacted 
with the natural fibres. It was determined that unsaturated polyesters and vinyl esters would not be 
an appropriate choice as the base resin system. This was because unsaturated polyesters at Scott 
Bader are manufactured by condensation polymerisation (evolution of water) with a polyol excess 
(polymer chains are terminated with -OH groups). In addition, vinyl esters form -OH groups along 
the polymer backbone due to ring opening of the epoxide functional group. The type of resin that 
could be used in conjunction with the coupling agent was a urethane methacrylate resin system.
Using Crestapol 1212 as the base resin, the coupling agent was added to form modified resin 
systems with 5 wt.Vo, 10 w/.% and 20 wt.Vo of coupling agent. This was done to find the optimum 
addition of coupling agent for the best possible mechanical performance of a natural fibre 
composite. This modification would not be REACH (Registration, Evaluation, Authorisation & 
restriction of CHemicals) compliant if this was used within a commercial product.
3.3.5 1250LV Modified Resin
From learning how the coupling agent affected the performance of a natural fibre composite, a new 
modified resin was created. As the addition of a functionalised additive negatively affects the 
optimum proportions of the base resin system, this new modified system manipulated the raw 
materials that form the resin system but had the coupling agent’s functionality. These changes 
created a resin system that was specifically designed for natural fibre composites.
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One of the reasons for selecting Crestapol 1250LV as the start point was that the catalyst used for 
the cure of Crestapol 1212 contained a small percentage of water. This water component could 
have reacted with the modification, resulting in decreased composite performance. The catalyst for 
Crestapol 1250LV does not contain water.
3.3.6 Resin Blends
As Scott Bader’s standard resin systems are specifically tailored for conventional reinforcements, 
the highest elongation at break for a closed mould resin system is around 6 % strain. This is 
suitable for conventional reinforcements which all have a strain at break below 6 % (Table 2.2). 
The Cordenka 700 series yam has a strain at break of 12 -  14%, twice the strain at break of any 
conventional resin at Scott Bader. Hence if a unidirectional or cross-ply viscose rayon composite 
was made with a standard resin, this resin would fail before the fibre.
Many of the commercial resin systems at Scott Bader are blends of different base resins. By 
blending a conventional resin system, in this case Crestapol 1212, with other high elongation base 
resins it was possible to create resin systems with a higher elongation at break. Scott Bader 
manufactures two high elongation base resins, one is unsaturated polyester type resin and the other 
is urethane methacrylate type resin (denoted as UP2 and UMa2). The properties of these high 
elongation resins once added to the Crestapol 1212 were unknown. As a result, the mechanical 
properties at 60:40, 50:50 and 40:60 blends of the two possible combinations were investigated. 
Once the optimum ratio for the desired mechanical properties was obtained, resin systems with 
10 w/.% and 20 wt.% of coupling agent were studied for the two types of resin blends.
3.3.7 Bio-based Resins
Standard polymer systems manufactured by Scott Bader are fi-om petrochemical based raw 
materials. From analysing the formulations of standard thermosetting resins, there was the 
possibility to exchange some petrochemical bio-derived constituents with renewable alternatives 
(see Section 2.8.6).
Two bio-based development resins were manufactured by Scott Bader: a urethane methacrylate 
with a renewable content of 22 % and an unsaturated polyester with a renewable content of 40 %. 
The first bio-resin has been denoted as CSl whilst the second bio-resin has been denoted CS2. 
Testing was conducted to show that the bio-based systems offer similar mechanical performance to 
conventional resin systems.
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3A  Manufacture of Resin Plaques and Composites
3.4.1 Resin Plaque
Samples of unfilled resin were required to provide baseline properties and to assess the impact of 
modification to the normal formulation. Plaques of resin were manufactured by casting between 
two glass plates. PTFE spacers of 3 mm thickness were used on three sides with one side open to 
allow resin to be poured into the mould. The dimensions of the glass plate were 300 mm by 
300 mm.
When the catalysts and, if required, accelerators were added to the resin system, the resin was 
placed inside a vacuum chamber. Once the vacuum was applied, any trapped gases were removed 
from the resin system. This ensured that no porosity existed within the cured resin plaque. An 
example of a cured resin plaque can be seen in Figure 3.8.
3.4.2 VARTM Composite Manufacture
The manufacture of unidirectional hemp, hemp CSM and E-glass CSM composites was designed 
such that all of the laminates produced a through thickness of between 2 to 3 mm. The intention 
was to standardise testing so that comparisons can be made more easily. The two CSM fabrics 
required only one ply to achieve this criterion. The unidirectional hemp required 4 layers of fabric 
to achieve this design specification. Each ply was aligned with the same orientation to maintain the 
unidirectional characteristic (O 4).
12 5  m m
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Figure 3.8. Cured resin plaque (CS2 bio-resin)
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The vacuum assisted resin transfer moulding (VARTM) process (Figure 3.9) is ideal for producing 
composites with low void content, whilst at the same time reducing the release of volatile 
components to the laboratory. As flat composites were required, the fibres were laminated on a 
glass plate.
As moisture has previously been shown to affect the cure of thermosetting resin systems (common 
knowledge within Scott Bader), the natural and semi-synthetic fibres were dried in an oven for 
2 hours at 105 °C, unless otherwise stipulated. (Residual moisture is explored later in Section 5.8.)
After applying a semi-permanent mould release agent to the glass plate, the fabric to be laminated 
was placed on the glass plate. A sheet of peel-ply was then draped over the fabric. This permeable 
fabric assists in separating the laminate from the ancillaries. In some instances, flow media was 
placed on top of the peel-ply to assist in resin flow and minimise air entrapment within the 
laminate. Once the distributor and flow pipes were installed, a ‘vacuum bag’ was sealed with 
‘tacky-tape’ around the edges of the mould. The vacuum bag is a polymeric, non permeable sheet 
and the tacky-tape is a putty tape with adhesive properties (supplied by Tygavac).
Pump & _ 
Catch Pot
Distributor 
pipe
Double sided 
tacky tape to 
secure/seal 
vacuum bag
Outlet Pipe Fabric to be laminated 
—Mould
Direction of infusion
Distributor
pipe
Peel ply and 
Flow media
Inlet Pipe
Resin
Container
Figure 3.9. Schematic diagram of vacuum assisted resin transfer process
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Once the vacuum pump is activated, a pressure differential is created such that when the vacuum is 
applied, the vacuum bag caused compaction of the fabric. Since the vacuum bag can stretch, the 
thickness of the laminate was determined by the areal density within that localised region of the 
infused fabric. As there were wide variations in areal density of CSM hemp fabric, this vacuum 
process caused wide variations in laminate thickness. To combat this issue, glass plates were 
installed between the flow media and vacuum bag. This modification caused the variation in 
laminate thickness to be significantly decreased.
Once the seals had been checked for any possible air leaks, the inlet pipe was placed into the resin 
container, causing the resin to be pulled through the laminate. A catch pot at the outlet ensured that 
any excess resin did not get pulled into the pump. Once the resin had cured, the vacuum pressure 
was removed.
3.4.3 Frame Wound Viscose Rayon Laminates
For the viscose rayon yam to be used within a composite, the fibres were wound around a steel 
square frame. The external area of the frame was 420 mm x 420 mm. The sides of the frame were 
made from 25 mm wide and 4 mm thick steel. Winding of the frames was achieved through using 
the University of Surrey’s frame winding machine. As a unidirectional composite was required, the 
fibre was wound in one plane. The final composite needed to have a 3 mm thickness in order for 
these viscose rayon laminates have similar thicknesses to the other composites. This thickness was 
governed by the amount of fibre applied to the frame. A completed fibre wound frame can be seen 
in Figure 3.10.
Once it was deduced that that the untwisted/uncoated yam obtained the best mechanical properties, 
this fibre type was selected to be used with the planned test regime. After the initial round of 
testing, it was noticed that the rayon fibres contract during drying resulting in a buckled frame. 
This buckled frame hindered the VARTM process (splitting of vacuum bag). In order to limit this 
buckling for future laminations, a removable spacer was added to the frame (Figure 3.11). This 
spacer was removed prior to the fibre drying process.
It was later determined that the viscose rayon frames could not be infused with the VARTM 
process as the compression force applied to the fibres by the vacuum bag restricted the flow of 
resin (Figure 3.12). The first attempt to solve this problem was to pour the catalysed resin on top 
of the fibre within the mould before the vacuum bag was applied, but air became trapped in the 
system, resulting in porosity within the cured laminate (Figure 3.13). Despite these manufacturing
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faults, the viscose rayon composites demonstrated potential for high mechanical properties. This 
meant that an especially designed infusion mould was developed (Section 3.5),
%
------- 1 j w  r n m ----- - -
Figure 3.10. Viscose rayon fibre wound around laminating frame
2 5  m m
Figure 3.11 Removable spacer attached edge of frame where the fibre overlaps the frame
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150 mm
Figure 3.12. Picture showing the poor infusion characteristics of twisted/coated viscose rayon yam 
composite
150 mm
Figure 3.13. Inadequately infused viscose rayon laminate
3.4.4 Post Curing
All of the resins used in the current study are room temperature cure systems. Following cure at 
room temperature for 24 hours in the mould, all resin plaques and composite laminates were 
de-moulded and post-cured in an oven at 40 °C for 16 hours. After post-curing, specimens were cut 
for testing.
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3.5 Design and Manufacture of Infusion Mould
3.5.1 Introduction
Owing to the difficulty of manufacturing unidirectional viscose rayon composites using the 
VARTM method, it was not possible to create composites that were fit for purpose (repeatable 
quality and thickness). As the plan was to manufacture viscose rayon composites using blends of 
resins with the coupling agent, changes in the mechanical performance of the composite must 
solely be due to the resin system and not due to changes in the manufacturing process.
In order to facilitate the manufacture of viscose rayon composite through VARTM, an infusion 
mould was designed to accept a filament wound frame in such a way as to allow the fibre to be wet 
thoroughly and on a consistent basis produce a uniform thickness in the final laminate.
3.5.2 Design of the Infusion Mould
To determine the design considerations of the infusion mould, the fibre characteristics and 
geometiy needed to be acknowledged in order to establish the desired method of infiision. For the 
viscose rayon fibre to be manufactured into unidirectional composites, the yam was first wound 
around a square steel frame using the method described previously.
The original plan was that the entire fi*ame would be installed within the cavity of the infusion 
mould. In addition, reusable spacers would be installed within the central section mould in order to 
adjust the laminate thickness. The mould was designed such that laminates with thickness of 1 mm 
to 9 mm could be manufactured. This was done to make the mould serviceable after this research 
project (sustainable design). In order that the fibres are adequately wetted across the entire width of 
the panel, the inlet should allow resin to infuse the wound fi-ame fi-om a side edge to the fibres, 
drawing the resin through the frame parallel to the fibres.
Owing to the yam being wound around two sides, these sections had a 3 mm thicker cavity 
sections whilst the side frame had smaller cavity sections (decreased by 3 mm) so that the frame 
could be supported. The outlet pipe was installed on the adjacent side of the laminate to the inlet 
pipe.
Around the perimeter of the cavity, a 2 mm depression was designed. This was done so that an air 
tight seal could be applied around the cavity. A glass plate was then placed on top to close the 
mould. This toughened glass plate was 19 mm thick, with lengths of 600 mm by 600 mm. Even 
though a double seal system would be more reliable, it is more complex and so increased the risk 
of failure. The original plan of the mould can be seen in Figure 3.14.
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Figure 3.14. Original plan of infusion mould, a) Top-down view of mould b) cross section along 
dotted line (all measurements are in mm)
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3.5.3 Construction of the Plug
As the type of mould constructed had a cavity, a plug is required to ensure accurate dimensions of 
the finished mould. This plug was a reciprocal shape to the mould. The plug was manufactured 
first and the infusion mould was then constructed on top of this plug. Even though this adds 
another design and manufacturing step, this will not only improve the surface finish but will allow 
another infusion mould to be manufactured quickly if the first mould was ineffectively constructed. 
A computer modelled infusion mould with plug can be seen in Figure 3.15.
Before the construction of cavity sections of the plug (coloured sections in Figure 3.15b), the base 
plate needed to be prepared. A 25 mm thick, 600 mm by 600 mm square OSB board (orientated 
strand board) was selected so that the cavity sections could be fixed using screws. In order to seal 
the surface, a hand laminating resin (ortho UP, wax added) was applied to stop styrene absorption 
from a resin system by the wood. After 24 hours, this surface was then sanded back with 80 grit 
sand paper to ensure that it was level.
For the cavity sections, MDF (medium density fibre board) boards with thicknesses of 6 mm and 
9 mm were cut to the required dimensions. The different coloured sections in Figure 3.15b 
represent the different board sections. The outermost comers of the MDF were then sanded down 
to form rounded edges. The reason for this was to ease the separation of the laminate from the 
mould. Sharp edges and completely vertical sides are difficult to de-mould. These cavity sections 
were then screwed down using self-tapping screws with an average screw spacing of 50 mm.
M  \ \ \ \
Figure 3.15. Computer model of a) infusion mould and b) plug
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A body filler paste was filleted around the contact point between the MDF sections and the base 
plate. Once cured, this body paste was sanded back with 80 grit sand paper to ensure a smooth 
finish. This was done to ensure a smooth transition between the top surface of the mould and the 
cavity.
To create the ridge for the vacuum seal, strips of E-glass CSM composite, which were 10 mm wide 
and 2 mm thick, were adhered to the base plate. These strips were applied approximately half way 
between the edge of the base plate and cavity sections. The comers between these strips and base 
plate were filleted with body filler paste and subsequently sanded back.
The MDF sections were then sealed with the hand laminating resin (same as the one previously 
used to seal the OSB), to limit styrene absorption by the MDF from a resin system. This was 
subsequently sanded back after 24 hours with 80 grit sand paper to create a relatively smooth and 
level finish.
A layer of Crystic Primecoat was then spray applied to the plug with a compressed air hopper gun. 
Approximately 400 g of Primecoat were applied to the plug. Since the Primecoat is a filled resin, 
unlike the hand laminating resin, it was relatively easy to sand back with 400 grit sand paper to 
form a smooth and level finish. A metal ruler was balanced on its side to monitor surface 
undulations during the sanding process. Two more layers of Primecoat were applied and 
subsequently sanded back to create a level surface.
A final 200 g layer of Primecoat mixed with Crystic Glosscoat, using a 50:50 mix ratio, was spray 
applied onto the surface of the plug. As the Glosscoat is unfilled, this final layer was harder to sand 
back but created a durable surface finish. As the surface finish of the plug will dictate the surface 
finish of the infusion mould, this final layer was sanded back using 2000 grit sand paper to ensure 
that the surface was smooth.
The surface of the plug was then polished with Farcéla Profile Glaze and an electric polisher. This 
was done to improve the gloss of the surface. The surface of the plug was cleaned then 
subsequently sealed. A release agent was then applied to the surface of plug.
To ensure that the surface has been adequately released, a layer of Ciystic Mouldguard was 
applied, allowed to cure and subsequently removed. If the plug was not adequately released, the 
Mouldguard could be scraped off without damaging the plug. The completed plug can be seen in 
Figure 3.16.
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3.5.4 Construction of the Infusion Mould
The first step in the construction of the infusion mould was to apply two layers of a tooling gelcoat 
on top of the plug. Once the gelcoat had cured, the surface was ready for composite manufacture.
Using a rapid tooling resin (RTR 4000PA), fourteen layers of 450 gsm E-glass CSM were hand 
laminated on top of the tooling gelcoat (standard powder bound). This composite manufacture was 
split into two equal seven layer systems due to the working time of the resin. There were four 
complete square layers of fabric intertwined with three layers of outer strips. This was done in 
order to build up stifftiess of the outside edges. After the first system had cured, the surface of the 
laminate was lightly sanded back.
Rigid PVC foam was then bonded to the back surface of the laminate using a core bonding 
adhesive (Crestomer 1196). As the surface of the laminate was not completely flat, the PVC foam 
was cut into sections. The gaps between these sections were filled with the core bonding adhesive.
Once this was allowed to cure, the infusion mould was prised away fi*om the plug and checked for 
surface defects. The mould was trimmed to size and then the edges were sealed with a hand 
laminating resin. The infusion mould was then cleaned, sealed and released using a semi­
permanent release agent. To ensure that the surface has been adequately released, a layer of Crystic 
Mouldguard was applied, allowed to cure and subsequently removed. The completed mould can be 
seen in Figure 3.17.
Figure 3.16. Completed plug for infusion mould
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1 150 mm 11 1
Figure 3.17. Completed infusion mould
Once the bonding paste had cured, the top of the PVC foam was laminated with the rapid tooling 
resin and three layers of 450 gsm E-glass CSM. The completed mould was allowed to cure for 
three days at room temperature.
3.5.5 Validation of Infusion Mould
So that the infusion mould can create a seal with the glass plate, a silicone based sealant was used. 
A rounded seal was created by applying the silicone within the seal channel and shaped with a 
semicircular profile cut out from a plastic scraper. To simplify the complexity of the seals around 
the inlet and outlet pipe, a braided hose of 100 mm in length with an internal diameter of 10 mm 
was sealed within the inlet and outlet channels. As the standard tubing used for VARTM has an 
outer diameter of 10 mm, this tube would fit snugly inside the braided inlet and outlet hoses (sealed 
with vacuum grease). The silicone was allowed to cure for two days.
A vacuum test was then applied to the completed mould. This vacuum test is where a vacuum 
pump on the outlet dépressurises the mould with a closed inlet. Once the mould has reached 
vacuum, the vacuum pump is turned off and the pressure monitored over time. After 24 hours, the 
mould showed no change in pressure which confirmed that there was no air leaks present.
The cavity thickness was then measured by installing blocks of plasticine within the mould. To 
stop the plasticine from sticking to the mould or glass plate, Melinex plastic sheet was used
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between the contact points. After removing the glass plate, the thickness of the plasticine blocks 
was recorded using a digital calliper. The recorded thickness of the plasticine with Melinex can be 
seen in Figure 3.18. The middle of the central section had a cavity thickness of 12.0 mm. This was 
exactly the thickness originally designed for the infusion mould.
From knowing the exact cavity thickness at various locations within the mould it was now possible 
to determine what spacers would be required to manufacture composites of certain thicknesses.
3.5.6 Spacers within Infusion Mould
Since the surface of the mould was made with a tooling gelcoat, the spacers could not be made 
from metal since it could permanently damage the surface of the mould. A thermoplastic-based 
sheet was ultimately decided as the appropriate spacer material.
PTFE was decided to be the best type of thermoplastic due to the resin system’s inability to adhere. 
One of the negatives of using PTFE is the relative high cost compared with other thermoplastics. 
The total cost of PTFE for this setup was £300. The alternative thermoplastic selected as a 
compromise was Nylon 6-6. The total cost of spacers using Nylon 6-6 was £60. Nylon 6-6 had an 
operating temperature that could withstand the peak exotherm temperature during the initial cure of 
the resin systems.
9.39.0
Figure 3.18. Thickness of cavity sections within the infusion mould (in millimetres)
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A one-metre-square sheet of nylon 6-6 of a 3 mm thickness was cut into three sections that would 
fit inside the infusion mould. As the mould had an average internal cavity thickness of around 
12 mm, three sheets of spacers would create a laminate thickness of 3 mm. One sheet (380 mm x 
340 mm) would be installed between the mould and fibres whilst the other two sheets would be 
fitted between the fibres and glass plate (420 mm x 340 mm) which included tabs to ease de­
moulding. The bottom spacer within the finished mould can be seen in Figure 3.19. The reason for 
the yellowing of the seal and Nylon 6-6 was that the resin has been slightly absorbed by these 
components.
175 mm
Figure 3.19. Completed infusion mould with seal and bottom spacer (the other spacer is applied on 
top of fibres)
3.6 Summary
A  range of reinforcements and resins has been identified for the current study. This enables a range 
of natural fibre systems to be compared to a baseline E-glass CSM system. In addition, a potential 
structural system has been identified, based on continuous viscose rayon. Several resins have been 
identified as candidate systems together with modifications designed to improve compatibility and 
sustainability. Associated processing routes have also been presented.
The next chapter details the test procedures and specimen preparation utilised within this study.
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4. Test Procedures and Specimen Preparation
4.1 Introduction
Mechanical testing forms the main source of comparison between the different bulk resin samples 
and composites. A select range of mechanical tests were chosen in order to understand the 
characteristics of these materials so that aims of this study could be achieved.
This study is split into individual series of investigations in order to understand or solve specific 
aspects. As a consequence, not all of the potential fibre/resin combinations were created or tested 
with all of the selected test procedures.
The mechanical test procedures that were used within this project were: tension, 3-point flexure, 
interlaminar shear strength (DLSS), cyclic (tension loading/unloading), single edged notched 
fracture testing with compliance calibration and double cantilever beam fracture testing.
If it has been deemed necessary, the cross-section of composites have been analysed by optical 
microscopy and fracture surfaces have been studied with optical microscopy and scanning electron 
microscopy (SEM).
This chapter first presents the complete test matrix and then the individual test procedures with the 
associated materials preparation requirements. The microscopy and fractography of composites is 
then detailed. This chapter then finishes with a summary section.
4.2 Research Investigations
4.2.1 Introduction
The various investigations with the materials and test methods are detailed in Table 4.1. As stated 
previously, not all of the possible composite combinations were investigated with all of the 
possible test procedures. The results from these investigations are presented in the following three 
Chapters in the order depicted within Table 4.1. Table 4.2 details the resins, reinforcements and 
number of specimens per material. A description of the individual investigations is presented.
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Table 4.1. Research Grouping
Investigation Sub-Section Test Procedures
The Properties 
o f Natural 
Fibre 
Composites 
Utilising 
Conventional 
Thermosetting 
Resin Systems
The properties of natural 
fibre composites utilising 
Scott Bader’s resin 
systems
Resin Tensile 
Resin Flexure 
Composite Tensile 
Composite Flexure 
Optical Microscopy
The properties of natural 
fibre composites utilising 
woven fabrics with 
different weft and warp 
configurations
Composite Tension 
Composite Flexure 
Optical Microscopy
Single edged notch 
fracture testing of 
natural fibre and E-glass 
CSM composites
SEN Fracture 
SEM Fractography
Fibre volume fraction 
determination of natural 
fibre composites
Archimedes Buoyancy
Residual moisture within 
natural fibres and its 
effect on composite 
performance
Moisture Determination 
Composite Tensile 
Composite Flexure
Effect o f 
Matrix Type/ 
Modifications 
on the 
Properties of 
Natural Fibre 
Composites
The properties of hemp 
UD composites with the 
addition of a coupling 
agent to the resin system
Resin Tensile 
Resin Flexure 
Composite Tensile 
Composite Flexure 
Fibre Volume Fraction
The properties of hemp 
UD and E-glass CSM 
composites with a 
tailored resin for natural 
fibres
Resin Tensile 
Resin Flexure 
Composite Tensile 
Composite Flexure
The performance of 
hemp UD and E-glass 
CSM composites with 
bio-derived resins
Resin Tensile 
Resin Flexure 
Composite Tensile 
Composite Flexure
The Properties 
o f Semi- 
Processed 
Fibre (VR) 
Composites
The properties of viscose 
rayon composites in 
comparison with other 
composites utilising 
Scott Bader’s resin 
systems
Composite Tensile 
Tension^ecovery Testing 
Composite Flexure 
Moisture Determination 
Optical Microscopy
The properties of semi­
processed fibre 
composites utilising 
blended, modified 
(coupling agent) resin 
systems
Resin Tensile 
Composite Tensile 
Composite Flexure 
ILSS 
DCB
Fibre Volume Fraction 
Optical Microscopy
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Table 4.2. Materials and sample size
Sub-Section Resins Reinforcements Sample Size
The properties of natural 
fibre composites utilising 
Scott Bader’s resin 
systems
701 PAX 
671 
1212 
671+14%sty
Hemp CSM 
HempUD 
E-glass CSM
Bulk resin: 5 
Hemp/E-glass CSM: >10 
Hemp UD 0°: 5 
Hemp UD 90°: 4 -5
The properties of natural 
fibre composites utilising 
woven fabrics with 
different weft and warp 
configurations
1212 Flax Woven Per woven type: 5
Single edged notch 
fracture testing of 
natural fibre and E-glass 
CSM composites
701 PAX Hemp CSM E-glass CSM
Per crack length: 5 
Compliance: 5
Fibre volume fraction 
determination of natural 
fibre composites
1212 Hemp CSM HempUD
Hemp CSM: 5 
Hemp UD: 5
Residual moisture within 
natural fibres and its 
effect on composite 
performance
701 PAX 
1212
Un-dried Hemp 
UD
Hemp UD: 5 
Moisture: 3
The properties of hemp 
UD composites with the 
addition of a coupling 
agent to the resin system
1212
1212+CA HempUD
Bulk resin: 5 
Hemp UD: 5
The properties of hemp 
UD and E-glass CSM 
composites with a 
tailored resin for natural 
fibres
1250LV
1250LVNF
HempUD 
E-glass CSM
Hemp UD: 5 
E-glass CSM: 5
The performance of 
hemp UD and E-glass 
CSM composites with 
bio-derived resins
CSl
CS2
HempUD 
E-glass CSM
Hemp UD: 5 
E-glass CSM: 5
The properties of viscose 
rayon composites in 
comparison with other 
composites utilising 
Scott Bader’s resin 
systems
1212 Viscose Rayon
Tensile: 5 
Tens/Recoveiy: 3 
Flexure: 5 
Moisture: 3
The properties of semi­
processed fibre 
composites utilising 
blended, modified 
(coupling agent) resin 
systems
1212/UP2
1212/UMa2
1212/UP2+CA
1212/UMa2+CA
Viscose Rayon
Bulk resin: 5 
Composite tensile: 5 
Composite flexure: 5 
DCB: 3 
Volume Fraction: 5
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4.2.2 The Properties of Natural Fibre Composites Utiiising Conventional 
Thermosetting Resin Systems
This investigation groups all of the experiments that were conducted with Scott Bader’s 
conventional thermosetting resin systems to laminate natural fibres. In some instances, the 
properties of an E-glass CSM composite were tested alongside these natural fibre composites.
To understand the mechanical properties Scott Bader’s conventional resin systems, the 
unreinforced resin properties were first tested in tension and in flexure. These resin systems were 
then used to laminate the various reinforcements within this study to understand their mechanical 
properties. The results from this sub-investigation will also form the baseline data for comparisons 
with other investigations. All of the resin systems used their standard curing procedure 
(accelerators and catalysts).
Natural fibre composites utilising woven fabrics are likely to be utilised for composites due to their 
improved mechanical properties over natural fibre CSM composites and, potentially, a closer rival 
to E-glass CSM composites. An investigation was created to determine the ideal flax hopsack 
configuration for optimum composite performance.
As conventional (non-toughened) thermosetting resin systems have low fracture toughness, it was 
expected that the addition of even low quality natural fibre should significantly increase the 
fracture toughness of a standard thermosetting resin system. The fracture toughness plus associated 
compliance data for hemp CSM and E-glass CSM composites was obtained for a range of notch 
lengths. The fracture surfaces from these tests were analysed by SEM.
The standard methods for determining the fibre volume fraction of E-glass fibre composites are 
acid digestion or resin bum-off (BS EN ISO 1172 : 1996). As natural fibres are not thermally 
stable or able to withstand strongly corrosive environments, the Archimedes buoyancy method was 
required to calculate the fibre volume fraction of natural fibre composites. From measuring the 
density of the composite, fibres and (solid) resin it was possible to calculate the fibre volume 
fraction for that composite (assuming no/minimal porosity).
As natural fibres are hydrophilic, they will obtain residual moisture content when exposed to air 
with humidity. Since some of Scott Bader’s resin systems are inhibited by moisture, this residual 
moisture within fibres could cause a problem when the resin systems are used to laminate natural 
fibres. This sub-investigation first assessed the moisture within the natural fibres by drying the 
fibres in an oven at 105 °C whilst monitoring the decrease in mass. The optimum time for drying 
will be selected from this investigation. The mechanical properties of the dried and un-dried 
composites will then be assessed.
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4.2.3 Effect of Matrix Type/Modifications on the Properties of Natural 
Fibre Composites
This investigation groups all of the experiments that were conducted with modified and bio-based 
resin systems. The natural fibre selected for these experiments was the hemp UD fabric. The 
E-glass CSM composites were utilised to form as the comparison with the natural fibre composites.
To determine the effectiveness of the coupling agent on improving composite performance, an 
investigation was created to analyse the mechanical properties of the unidirectional hemp 
composite with the different additions of coupling agent. The gel time was adjusted for all of the 
resin systems through the use of an inhibitor. As the Crestapol 1212 has a relatively quick gel time 
(approximately 20 minutes) this was extended to one hour (using inhibitors) for all of the systems 
to give the coupling agent time to react with the surface of the fibre.
From understanding how the coupling agent performed within natural fibre composites, a new 
tailored resin (1250LV NF) system specifically for natural fibre composites was created. Bulk resin 
samples and natural fibre composites were mechanically tested to understand the properties in 
comparison with the standard resin as well as other composites.
To demonstrate that reformulation with bio-mass derived monomers does not degrade composite 
performance, a study compared the unreinforced laminate and composite mechanical properties 
utilising the bio-based resin systems (CSl & CS2) with bulk resin samples and composites that 
used the conventional resin systems.
4.2.4 The Properties of Semi-Processed Fibre (VR) Composites
This investigation groups all of the experiments that have been conducted with the Cordenka 700 
series viscose rayon fibre. This study first compared the properties of the viscose rayon composites 
with data gathered from previously presented composites. As semi-synthetic fibres demonstrated 
strain recovery over time, a specific investigation aimed to determine the non-linear elastic 
properties and rate of strain recovery within a composite.
Since the viscose rayon has a higher elongation at fracture than conventional closed mould resin 
systems, resin blends were utilised with the viscose rayon fibre. As the coupling agent 
demonstrated later to increase the mechanical properties of a natural fibre composite, this coupling 
agent was also used with these systems. Similar to the modified resin composites, the gel time was 
extended to one hour for the resin systems utilised within this research. These composites were 
tested with a range of material characterisation techniques to determine which system offered 
optimal mechanical performance.
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4.3 Tension Test
4.3.1 Introduction
Tension testing involves extending a specimen of known dimensions at a continuous rate until the 
specimen fractures. The load and extension are recorded continuously throughout the test. The 
strain was recorded by a clip-on extensometer or video extensometer. Both of these systems use a 
gauge length of 50 mm.
The tension specimens were loaded to fracture using an Instron quasi-static test machine (3382) 
with a 50kN load cell. The rate of testing was selected so that the specimen extended at around 1 % 
per minute. This meant that specimens were tested in accordance with BS EN ISO 527 -  Part 1 :
1996. The stiffriess of each material was recorded from the initial elastic region. The peak tensile 
strength will be presented, as well as the strain at break. The presented strain at break has been 
slack corrected by adjusting the recorded data such that the modulus intercepted 0% strain. Before 
testing commenced, the width and thickness of the specimens was measured at three points along 
the length of the specimen with a digital micrometer.
4.3.2 Preparation of Bulk Resin Specimens
For all of the resin tension tests, dog-bone shaped specimens were cut from the resin plaques using 
an automated router. The dimensions were cut in accordance to BS EN ISO 527 -  Part 2 : 1996. A 
minimum of five specimens were tested from each resin system. Five specimens will allow the 
mean and error in the mean to be calculated. The test speed was set to 1 mm min'\
4.3.3 Preparation of Composite Specimens
The hemp CSM and E-glass CSM coupon specimens were cut to 25 mm by 250 mm with the use 
of a diamond circular saw. These dimensions were in accordance to BS EN ISO 527 -  Part 4 :
1997. The coupons were end-tabbed with E-glass CSM composite strips (50 mm by 25 mm by 
2 mm) using an epoxy adhesive. This E-glass composite was manufactured by hand lamination 
using an unsaturated polyester hand-laminating resin. A minimum ten specimens were tested for 
both of these two composites, owing to the random orientation of the fibres. The test speed was set 
to 2 mm min'  ^for these two composite configurations.
Owing to the manufacturing constraints for the UD hemp and viscose rayon composites, coupon 
specimens were cut to 25 mm by 200 mm. To maintain the test length of 150 mm, the end tabs 
were reduced to 25 mm by 25 mm. The UD hemp specimens utilised an E-glass CSM polyester 
composite whereas the viscose rayon specimens utilised a ± 45° woven E-glass polyester
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composite. In both instances an epoxy was used as the adhesive. As these composites are 
unidirectional, five specimens were tested in the 0° fibre direction and five specimens in the 90° 
degree fibre direction (BS EN ISO 527 -  Part 5 : 1997). The test speed was set to 2 mm min'^ for 
these two composite configurations.
In some circumstances of not enough material to test the hemp UD composite, the 0° fibre 
direction was favoured over the 90° degree fibre direction. This meant that in some circumstances 
less than five 90° degree fibre specimens were tested. As there was a limited amount of viscose 
rayon laminate for testing, only the 0° fibre direction was tested.
4A  3’Point Flexure Test
4.4.1 Introduction
The 3-point flexure test is where a specimen is subjected to compression loading on the top face 
and tension loading on the bottom face. This loading profile created by the specimen simply 
supported across two supports at its ends with a central support above the midpoint of the specimen 
that applies an increasing deflection. The greatest stress experienced by the specimen is at this 
central loading point.
The equations for calculating the stress q/and strain ff from a 3-point flexure test are given below:
3FL
£ / = - ^  (4.2)
where F  is the applied force, L is the span, b is the width, h is the thickness and s is the deflection.
The flexure specimens were loaded to fracture using an Instron quasi-static test machine (3382). 
The rate of testing was selected so that the specimen extended at approximately 1 % per minute. 
This meant that specimens were tested in accordance with BS EN ISO 178 : 2003 and BS EN ISO 
14125 : 1998. The stiffness of each material was recorded from the initial elastic region (after any 
initial slack). The peak tensile strength will be presented as well as the elongation at break. The 
presented strain at break has been slack corrected. Before testing commenced, the width and 
thickness of the specimens was measured at three points along the length of the specimen with a 
digital micrometer.
The strain within the specimen was calculated by using the internal cross-head extension measurer 
within the testing machine. Prior to testing, the load string was checked for any possible slack that 
could affect this calculated result.
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The results from this test method are only acceptable if failure is caused by tension or compression 
and not by interlaminar shear.
4.4.2 Preparation of Bulk Resin Specimens
Specimens were cut from the resin plaque that measured 25 mm by 20A mm, where h is the plaque 
thickness, usually around 3 mm, using a diamond circular saw (BS EN ISO 178 : 2003). The 
support length was set to 16^ mm. The test speed was set to 2 mm min'\ which equated to a strain 
rate close to 1 % per minute. A minimum of five specimens were tested from each resin system.
4.4.3 Preparation of Composite Specimens
The composite test specimens had exactly the same dimensions as the resin specimens; 25 mm by 
20/mm (BS EN ISO 14125 : 1998). The test speed was set to a rate which caused a strain rate 
close to 1 % per minute. A minimum of ten specimens were tested for the hemp CSM and E-glass 
CSM composites.
Owing to the anisotropic nature of the UD hemp and viscose rayon composites, a minimum five 
specimens were tested in the 0° fibre direction and minimum of five specimens in the 90° degree 
fibre direction. As there was a limited amount of viscose rayon laminate for testing, only the 90° 
fibre direction was tested.
4.5 Interlaminar Shear Strength Test
4.5.1 Introduction
The short beam shear test method is similar to the 3-point flexure test but the support length is 
reduced to 5/ (BS EN ISO 14130 : 1998). This should cause a specimen to fail by interlaminar 
shear when the specimen is tested in the 0° fibre direction. The results from this test are not valid if 
the specimen fails in tension or compression.
The interlaminar shear strength specimens were loaded to fracture using an Instron quasi-static test 
machine (3382). The speed of the test was set to 1 mm min'\ Before testing, the width and 
thickness of the specimens was measured at three points along the length of the specimen with a 
digital micrometer.
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The equation for calculating the apparent interlaminar stress, r, is:
3F
4.5.2 Specimen Preparation
The specimens for the test method were cut to 5h (width) by lOA (length) using a diamond circular 
saw. A minimum of 10 specimens were tested from each laminate.
4.6 Tension-Recovery Testing
4.6.1 Introduction
As single fibre tests with semi-synthetic fibres have demonstrated non-linear elastic and recovery 
properties (Section 2.7.8), a test procedure was designed to see if these properties are still observed 
within a composite. This test procedure will strain coupon specimens from a viscose rayon 
composite to a set point before fracture, record the unloading response, monitor the strain recovery 
over a set time, and then reload the specimen until fracture. The stiffness of the elastic and 
nonlinear elastic regions for initial and final loading will be compared.
4.6.2 Specimen Preparation
Three viscose rayon composite coupons were prepared according to a similar method used for the 
composite tension test specimens (Section 4.3.3).
4.6.3 Test Procedure
A custom test procedure was designed to interrogate the different components of interest, which 
have been stated previously. Before testing, the width and thickness of each specimen was 
measured using a digital micrometer. The three strains that were selected are 3 %, 4.5 % and 6 %.
The test procedure was as follows:
1. Strain a fresh specimen to the set level (3 %, 4.5% or 6 %) at a rate of 1 mm min'  ^
(tension)
2. Unload the specimen to 0 Newtons at a rate of 5 mm min'  ^(compression)
3. Detach bottom grip from specimen
4. Monitor strain recovery with extensometer over 24 hour period (hold/recovery)
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5. Attach bottom grip to specimen
6. Re-strain the specimen until fracture (tension)
The strain was recorded by the use of a clip-on extensometer with a 50 mm gauge length. Once the 
clip-on extensometer was attached at the beginning of the test it was not moved or balanced until 
the test cycle has been completed. Care was required when detaching and re-attaching the bottom 
grip to ensure that the extensometer was not touched.
Owing to the data recording software (Bluehill2), the individual types of test -  tension, 
compression or hold/recover -  needed to be individually loaded during the test. This caused a delay 
of around 20 seconds between the stages of the test. This delay was factored into the presented 
results.
4.7 Single Edged Notch Fracture Testing
4.7.1 Introduction
The fracture toughness, Kc, of a material is its ability to resist crack propagation. Examples of low 
fracture toughness materials are polymers and ceramics whereas high fracture toughness materials 
are metals (Ashby and Jones, 2006). The fracture toughness of a material is an important design 
characteristic for a material to be used as structural component.
If natural fibres are to be used as structural components, the fracture toughness of natural fibre 
composites needs to be examined. The test method selected for measuring the fracture toughness of 
natural fibre composites was single edged notch (SEN) in tension. This is a Mode I fracture test 
where the tensile stress is normal to the plane of the crack.
The SEN in tension test is where test coupons have a range of sharpened crack lengths which are 
then loaded until failure (Kjc). The failure stress and the crack length are the variables used to 
calculate the fracture toughness of that material. By testing a range of crack lengths (a), it was 
possible to present the fracture toughness as a function of crack length fraction (a/w).
4.7.2 Specimen Manufacture and Preparation
For this test procedure, composites utilising the hemp CSM were selected with the E-glass CSM 
composite as a comparison. The resin system selected for this investigation was unsaturated 
polyester. Composite coupons measuring 250 mm by 25 mm were cut from the laminates using a 
diamond circular saw. The thickness of these composites was in the region of 2 -  3 mm.
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Ten crack lengths of equal separation for each of the two types of composites were investigated. A 
sample set of five was used for each crack length.
The coupons were end-tabbed with E-glass CSM composite strips (50 mm by 25 mm by 2 mm) 
using an epoxy adhesive. This E-glass composite was manufactured by hand lamination using an 
unsaturated polyester hand-laminating resin.
Prior to notching, the width and thickness of each specimen at the mid-plane was measured using a 
digital calliper. The notches were cut with a band saw across the mid-plane of the specimen. The 
crack tip was sharpened with a fresh razor blade.
After notching, the crack length was measured using a desktop microscope (xlO magnification) 
with a digital calliper. The smallest notch length was 1.25 mm (a/w-0.05). This notch length 
increased in steps of 1.25 mm up to 12.5 mm.
The specimens were tested on an Instron quasi-static testing machine (3382) at an extension rate of 
1 mm min'\ The load at which fracture occurred was recorded.
4.7.3 Data Analysis
The equation that is used to calculate the fracture toughness for an infinite plate is shown below 
(Matthews and Rawlings, 1999):
K Jc= o■ c^^^  (4.4)
This equation is for when the crack is in the middle of the plate. As the single edged notch fi-acture 
test has the crack starting at the side of a specimen, a correction factor Y, relating to specimen 
geometry, is used (Hitchen, et al., 1994). This correction factor equals 1.12 for a through-thickness 
surface crack test configuration. The correct fracture toughness equation for this test is:
Kjc = YcTc (4.5)
4.7.4 Hertzberg Correction Factor
One of the limitations of a constant correction factor is that it assumes a very small crack lengths to 
width {a»w , infinite plate). This assumption does not hold true for the devised test plan since 
crack length fractions of up to 0.5 {alw) are used. What is required is a correction factor that is a 
function of the crack length fraction {atw).
Hertzberg (1996) has presented a correction factor that is a function of {alw). This correction factor 
at discrete crack length fractions is presented in Table 4.3.
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Table 4.3, Correction factor as a function of crack length {alw)
Crack length fraction {alw) Correction Factor, Y
0.05 1.15
0.10 1.20
0.20 1.37
0.30 1.68
0.40 2.14
0.50 2.86
4,8 Compliance Calibration o f Fracture Data
4.8.1 Introduction
As composite materials are heterogeneous and can be anisotropic, the compliance/crack length 
relationship {Cla) can be significantly different to homogeneous isotropic materials (Bamby and 
Spencer, 1976). For the fracture data to be accurately corrected, the specific correction factor for 
that material needs to be obtained.
From experimentally determining the compliance of the material as a function of crack length 
fraction {alw), it is possible to determine the compliance calibration function.
4.8.2 Compliance Theory
If a load is applied to an elastic body, with a defined crack length, a linear load deflection curve is 
observed (Figure 4.1). The compliance C can be calculated using the following equation:
P
(4.6)
where u is the deflection and P is the load. As the crack length increases, the compliance increases 
due to the increased displacement and decreased load.
When a crack propagates by an amount da then the crack area increases by h da, where h is the 
thickness of the material. In addition, the load changes by dP and the displacement changes by du. 
This means that the initial energy stored can be represented as:
\Pu
t /l  = (4.7)
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U
Figure 4.1. Load-deflection curve, dotted line indicates and increased crack length
This relates to the area under the solid load-deflection curve in Figure 4.1. The final energy stored 
will be:
U2 = U p  + dP){u + du) (4.8)
This is the area under the dotted load-deflection curve. The external work required to propagate the 
crack is:
U3 = P + dP du (4.9)
As a result, the energy released, dU, can be expressed as:
d u = m + m - u 2 = - P u +
2
P  + dP d u - —{P + dP^(u + i/w) (4.10)
Neglecting the product of small quantities, dU  can be rewritten as: 
dU  = ]^{Pdu-udP)
The strain energy release rate, G, can be defined as:
(4.11)
G —
1 dU 1 ^ d u  dPP  u —
da dab da 2b ^
Differentiating equation (4.6) with respect to a, the following equation is produced:
(4.12)
2 dC  „ du dP P  —  = P  w (4.13)
da da da
This means that the strain energy release rate, G, of a material can be expressed as (Griffith, 1921):
P^ dCG =
2b da
(4.14)
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where b is the width of the specimen and dClda is the differential of the best fit curve for the plot 
of compliance against crack length. From plain-strain linear elastic fracture mechanics (LEFM), 
the fracture toughness, K, can be expressed as:
where E  is the elastic modulus and v is the in-plane Poisson’s ratio of the material. By substituting 
equation (4.14) into equation (4.15) the following equation is created.
.2 E  dC  
( l - v ^ ) 26 da
=7 rr \  (4.16)
When substituting the product of K  in equation (4.16) into equation (4.5) and then rearranging for 
Y, the following equation is formed.
From rearranging equation (4.17), it is possible to express Y as:
7  = (4.18)Eb dC
_ 2 ^ - v ^ \a  I w) d{a I w)
It is possible to calculate correction factor, 7, as a function of crack length, a, for many material. 
By using this correction factor with the results of single edged notch tests, the data should be 
calibrated correctly.
4.8.3 Specimen Preparation
The compliance of a material at a certain crack length is calculated from the load and displacement 
of that material. A single specimen can be used to determine the compliance over a range of crack 
lengths. As the two composite types (hemp and E-glass) are manufactured from CSM fabrics, three 
specimens were used to calculate the compliance due to the localised variability in fibre orientation 
at the crack tip.
Coupon specimens, similar to the ones used for SEN fracture toughness (dimensions and 
endtabbed), were tested. The crack lengths from which the compliance was calculated ranged from 
0 mm to 12.5 mm in 1.25 mm steps. The cutting and measuring of the crack followed the same 
procedure previously described (Section 4,7.2). A maximum load was selected such that it would 
not cause damage to the specimen (approximately 50 % of predicted failure load).
The specimens were tested using an Instron quasi-static testing machine (3382). The test speed was 
set to 0.5 mm min'\ The displacement was recorded with a clip-on extensometer with a 50 mm 
gauge length.
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The specimens were pre-loaded and unloaded three times before the main test. This procedure was 
introduced to reduce slack on the load string and so improve the accuracy of the results.
Each specimen was tested twice at every crack length. This was introduced into the test method in 
order to reduce the human error associated with installing the clip-on extensometer.
4.8.4 Data Analysis
The correction factor calculation (equation (4.5)) requires the in-plane Poisson’s ratio for that 
material. Even though it has not been possible to experimentally determine the Poisson’s ratio of 
these materials within this study, a previous study has determined the Poisson’s ratio of CSM 
composites to be between 0.30 and 0.33 (Chard, 2008).
4.9 Double Cantilever Beam Testing
4.9.1 Introduction
One of the possible methods for obtaining the strain energy release rate, G, is to conduct a double 
cantilever beam test on the material under investigation. This test procedure propagates a crack 
through the material by extending the separation of the beams at the notched end. Since the load at 
crack propagation is recorded, the energy per unit area, Gc, to create the new crack surfaces is 
calculated (Matthews & Rawlings, 1999). It is assumed that these materials behave in a linear 
elastic fashion so that linear elastic fracture mechanics can be employed.
4.9.2 Double Cantilever Beam Theory
From beam theory, the relationship between the force applied to material, P, the crack length, a, 
and total deflection, w, can be expressed as:
P = ja -^u  (4.19)
where j  and n are constants. Since the compliance of a material is C=utP, equation (4.19) can be 
rearranged to:
C = Ja^ (4.20)
where J  is a constant. By conducting the differential of equation (4.20), the resulting equation is 
created:
C — = (4.21)
da
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By substituting equation (4.21) into equation (4.14) the following equation is formed:
G = — Jna'^  ^ (4.22)
2b
It is possible to rearrange equation (4.20) to get J  as a function of C and a:
J  = —  (4.23)
From substituting equation (4.23) into equation (4.22), the following equation is formed:
G = (4.24)
2b a"
Since C = w/P, equation (4.24) can be rewritten as:
G = ^  (4.25)
2ba
It now is possible to derive the strain energy release rate, G, for double cantilever beam testing 
where the crack tip displacement, load, crack length and width of specimen are the only unknowns. 
Since the fracture load, Pc, is measured during the test, the critical strain energy release rate, Gc, 
will be the only value calculated.
Since the applied force is directly proportional to the deflection of the material at a constant crack 
length, as shown in equation (4.19), it means that the relationship between C and a varies as some 
power of crack length, n. The value of n can be calculated using:
"  = (4.26)
log(fl)
According to beam theory, the value of n should be 3 for small deflections with a fixed opposite 
end (Berry, 1963).
4.9.3 Double Cantilever Beam Theory Applied To Composites
When DCB testing and analysis is applied to composite materials, the equations for critical strain 
energy release rate will be distorted due to potential fibre bridging. When a crack is propagated 
parallel to the fibre direction within a unidirectional composite, it is possible for fibres to bridge 
between the two fractured components. The length of fibre bridging zone is dependent on the type 
of resin, fibre and interface between these two media. Owing to this bridging zone, extra energy 
will be required de-bond and break the fibres. This will ultimately increase the critical strain 
energy release rate.
Another factor to be aware of is the effect of this bridging zone on the value of n in equation 
(4.26). It has been found that when the crack length equals the length of this bridging zone n
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equals 3. If the crack length is lower than the fibre bridging zone length, it will mean that the value 
n is lower than 3 (Chard, 2008).
4.9.4 Specimen Preparation
For this investigation, three specimens of dimensions of 40 mm by 200 mm were cut fi*om each 
viscose rayon laminate using a diamond circular saw. The specimens were cut in such way that the 
fibres were parallel to the length of the specimen. Two 6 mm pinholes were drilled at one end of 
the specimen with the centre point of the holes 10 mm from the edge of one end (Figure 4.2).
A 30 mm initial ‘pre-crack’ was created parallel to the fibre direction using a hacksaw. Owing to 
the pinhole location, this pre-crack equalled a pre-notch of 20 mm. The crack tip was sharpened 
with a tap of a fi*esh razor blade. The reason for pre-notching was to ensure that the crack 
propagated along the mid-plane of the composite. An insufficiently long crack might cause failure 
to occur in the pin-holes (Chard, 2008).
4.9.5 Test Procedure
Before the start of DCB testing, the displacements for compliance calibration needed to be set 
within the test programme. A spare DCB specimen was allowed to separate at a constant extension 
rate with the deflections at certain crack lengths recorded. A new test method was created that 
would propagate the crack to set lengths. This cyclic test method was created by setting 
displacements that were increasing in separation.
A test limit of two hours per specimen was defined (due to a set of twenty-one specimens). This 
meant that for a constant test speed of 0.5 mm min'\ 60 mm of travel could be measured. Owing to 
this length of travel, seven equally spaced compliance readings could be obtained. It was from 
these seven compliance readings that it was possible to determine the value of n in equation (4.12).
Pre-crack with sharpened crack tip
irection of crack 
propagation ^
Fibre direction
Figure 4.2. Schematic diagram of double cantilever beam specimen
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As the composites with the different resin systems will have slightly different interface strengths, 
the set displacements were altered for some specimens to ensure an even separation of crack 
lengths. The initial deflection unload points were set at 0.5 mm, 1.25 mm, 3.0 mm, 4.5 mm, 
6.5 mm, and 8.5 mm displacements.
The double cantilever beam testing was conducted on an Instron 5500R with a 5 kN load cell. 
During the test, the crack length at each unload point was marked. Once the test had completed, the 
crack lengths were measured using a digital calliper.
4.10 Fibre Volume Fraction Determination
4.10.1 Introduction
As the common methods of determining the fibre volume fraction of conventional synthetic fibre 
composites are too aggressive for natural fibre composites, another method is required. One such 
method that can be used to calculate the fibre volume fraction of natural fibre composites is from 
knowing the density of the fibres (Pf), resin ( p j  and the final composite ( p j .  Assuming that 
there are no voids within the composite (cross-section is checked in Section 4.11.2), the fibre 
volume fraction can be calculated using:
V, = (4.27)
P f - P r
The reason why this test method is applicable is that is possible to calculate the density of a body 
of unknown volume by measuring the mass of the body submerged in two fluids of known density.
4.10.2 Archimedes Density Determination
Studies have previously shown the Archimedes’ density determination to be a reliable method for 
determining the density of natural fibres (Section 2.6.2). As natural fibres are able to absorb water, 
which can affect the recorded result, canola oil was selected for the immersion fluid. The density of 
canola oil was found to be 0.9135 g cm'  ^using an Anton Paar 41 COM density meter.
The density of the composite, fibres and resin was determined from a set of five specimens from 
each of the materials. These specimens had an approximate mass of 5 g. The mass of the material 
in air and in oil was recorded with a Sartorius A200S digital balance. To ensure that there were no
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air bubbles on the surface of the materials, which would affect the calculated density, the 
submerged material was subjected to a vacuum pressure from a rotaiy pump for 2 minutes.
4.11 Microscopy and Fractography
4.11.1 Introduction
Microscopy and fractography are important characterisation methods for composite materials. As a 
composite is a mixture of two (or more) different materials, microscopy of composite cross- 
sections will assist in determining the interface between these different materials, observing 
porosity with the laminate, and studying the fibre dimensions and separation.
Once a specimen has fractured, studying the characteristics of this fracture surface will assist in 
determining the potential mechanisms of failure. As the composites within this research utilise 
fibrous reinforcements, fractography will aid in determining the extent of fibre pullout and fibre 
breakage. From examining the proportions of these two characteristics it will be possible 
understand the interface strength between the fibre and the matrix.
Optical microscopy has been used to examine untested composite cross-sections and ILSS fracture 
specimens. Scanning electron microscopy has been conducted on tested single edged notched 
fracture specimens.
4.11.2 Optical Microscopy
Specimens measuring 20 mm by 20 mm were cut using a diamond saw from the UD hemp, CSM 
hemp, CSM E-glass and viscose rayon composites. The surface of interest for the unidirectional 
composite specimens was the plane that was perpendicular to the fibre direction. The ILSS fracture 
test also had post-tested specimens examined parallel to the fibre direction.
These composite specimens were mounted using a low viscosity resin within specially developed 
circular moulds. These moulds were then placed within a vacuum jar to remove potential air 
bubbles on the surface of the composites. Once any air was removed, the surface of interest was 
then orientated towards the bottom of the mould. When the resin had cured over a 24 hour period, 
the specimens were ground and polished.
The grinding and polishing was conducted on a Buehler Grinder/Polisher. Silicon carbide paper of 
various grit grades was first used to grind back the specimens. A constant flow of water was used
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as the lubricant. Using a rotation speed of 300 rpm, the specimens were ground by hand with a 
strong force. A specimen was periodically rotated to ensure that the specimen was evenly ground. 
The grinding schedule can be seen in Table 4.4. After each grinding stage the specimen was 
cleaned with a cloth under running water to remove any debris.
The specimens were then polished using a pre-lubricated 6 pm diamond solution on a silk 
polishing mat. The rotation speed was set to 150 rpm on the Buehler Grinder/Polisher. The 
specimens were polished by hand using a weak force. The specimen was periodically rotated 
during grinding to ensure that the specimen was evenly polished. Approximately 10 minutes was 
required to polish each specimen. Extra lubricant was applied to the silk mat eveiy few minutes. 
The polished specimen was then placed in an ultrasonic bath for five minutes, and then the 
specimen was then subsequently cleaned under running water with a cloth. Figure 4.3 shows a few 
completed specimens.
The specimens were examined using a Zeiss Axio Scope optical microscope. The magnification 
was fixed at 200x. As this microscope had no reflected light function, a focused, high powered 
light source was used to illuminate the surface.
4.11.3 Scanning Electron Microscopy
Six specimens of hemp composite and two specimens of E-glass CSM composite, measuring 
10 mm by 10 mm, were mounted on pin stubs using an epoxy adhesive. These specimens were 
then sputter coated with gold to assist in the dissipation of charge on the surface due to the electron 
beam. As these materials have randomly orientated fibres protruding from the fracture surface, it 
was decided to sputter coat these specimens from two angles. The coated specimens can be seen in 
Figure 4.4.
The microscopy of the fracture surfaces were conducted using a Hitachi S3200N SEM with a 
tungsten filament. This SEM has a maximum magnification of up to 250,000x (low pressure 
vacuum).
Table 4.4. Specimen grinding schedule
SiC Grit Grade Time (minutes)
400 Until Plane
800 4
1200 4
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25 mm
Figure 4.3. Mounted VRILSS specimens for microscopy
2 5  m m
Figure 4.4. Coated specimens for SEM analysis
4.12 Summary of Test Procedures and Specimen Preparation
This chapter has identified the range of mechanical testing procedures and microscopy analysis in 
order characterise the various materials within the current study. These tests enable the realisation 
of physical properties of the natural fibre composites and bio-derived resin systems, as well as 
offering routes of comparison with conventional systems. Associated specimen preparation within 
each test procedure has also been presented.
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5. The Properties o f Natural Fibre Composites Utilising 
Conventional Thermosetting Resin Systems
5.1 Introduction
Natural fibre composites, laminated with a variety of resin systems, have demonstrated in some 
instances mechanical properties that can equal E-glass composites (Section 2.9). Natural fibres 
also have a lower density than glass and are a naturally sourced product (Section 2.2 and 2.7). 
However, there are still gaps in the published understanding of such materials: for example, one 
such omission is the effect of residual moisture on the mechanical properties of composites 
utilising different resin systems.
The chapter considers composites reinforced by chopped strand mat (CSM) and unidirectional 
(UD) hemp, and woven flax fabrics, compared with a reference system of a CSM E-glass: the 
focus is on exploring a range of different systems for which any application would be expected to 
be non- or semi-structural. The resin systems utilised to laminate the fibres were the unsaturated 
polyester (701 PAX), vinyl ester (671), modified vinyl ester (671+14%sty) and the urethane 
methacrylate (1212). The mechanical properties of composites based on a range of conventional 
thermosetting resins are presented together with an assessment of the microstructure made by 
conventional optical microscopy techniques.
5.2 Tensile Properties
5.2.1 Introduction
In order to understand the mechanical properties of Scott Bader’s resin systems with standard 
synthetic (E-glass) and natural fibre reinforcements, the mechanical properties of the bulk resins as 
well as composites were investigated.
The results from this programme of work are summarised in Figures 5.1 (Young’s modulus), 5.2 
(peak tensile strength) and 5.3 (tensile strain at failure) with specific items of discussion presented 
in Sections 5.2.2 to 5.2.5. The analysis presented within this section does not take into account the 
differences in fibre volume fraction for the composites utilising different reinforcements. (Fibre 
volume fractions are discussed in Section 5.5).
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Figure 5.1. Young’s modulus of different resin and reinforcement configurations
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Figure 5.2. Peak tensile strength of different resin and reinforcement configurations
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Figure 5.3. Tensile strain at failure for different resin and fibre configurations
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5.2.2 Bulk Resin Samples
The average tensile stififtiess and strengths of the bulk resin samples were approximately 3.2 GPa 
and 55 MPa respectively. The similarity in the tensile stiffness and strengths of the bulk resin 
samples was to be expected since all of the resin systems are tailored for standard synthetic fibre 
reinforced composites. However, it was still possible to distinguish certain characteristics between 
the resin systems from the presented results:
• The UP resin was the most brittle commercial resin within this study since it had 
demonstrated the highest tensile stiffness (3.6 GPa) and had a third of the elongation at 
break of the other resin systems (1.87 %).
• The standard VE resin exhibited average tensile stif&iess (3.2 GPa), the highest peak 
tensile strength (64 MPa) and a high strain at break (5.8%).
• The Crestapol 1212 urethane methacrylate bulk resin samples had the lowest tensile 
stiffiiess (2.7 GPa), average tensile strength (55 MPa) and the highest strain at break 
(6.9 %).
• The modified VE resin (where 14 wt%  extra styrene had been added to reduce the 
viscosity - Section 3.3.3) demonstrated similar tensile stiffness and strain at break with a 
12 % lower tensile strength compared with the standard vinyl ester resin.
The lower viscosity of this modified VE resin system meant that this decrease in tensile strength 
was not expected to be an issue once the reduction in porosity within a laminate was taken into 
consideration.
5.2.3 E-glass CSM Composites
When these resin systems were used to produce laminates of the E-glass CSM fabric, the resulting 
composites demonstrated average tensile stiffiiess and strengths that were around 7.5 GPa and 
120 MPa respectively, with a tensile strain at break of around 2 %. As previously with the bulk 
resin results there were notable differences between the utilised resin systems to laminate the 
E-glass fabric:
• The UP polymer composite demonstrated the lowest tensile stiffiiess (6.7 GPa) with a
tensile strength around the average of the different systems (117 MPa).
• The UMa polymer laminate had the highest tensile strength (135 MPa) with a tensile
stiffness around the average of the different systems (7.6 GPa).
• The standard VE polymer laminate demonstrated a tensile stiffiiess and strength of 7.3 GPa 
and 128 MPa respectively, which was around the averages of the different systems.
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• The modified VE polymer composite laminate demonstrated a tensile stiffness increase by 
20% (8.7 GPa) but reduced the tensile strength by 13 % (111 MPa). This reduction in 
tensile strength was similar to the observed reduction in tensile strength of the bulk resin.
5.2.4 Hemp CSM Composites
The CSM hemp composites compared with the bulk resin samples demonstrated approximately 
half the tensile strength, with a marginally higher tensile stiffness and a 40 % lower strain at break. 
This meant that the intended reinforcing media had a weakening effect on the strength of the 
polymer matrix.
The modified VE resin increased the stiffiiess of the hemp CSM composite by 34 % compared with 
the composite using the standard VE resin. As the standard vinyl ester laminate exhibited far 
greater porosity than the modified vinyl ester laminate, it demonstrated the importance of low 
porosity within a composite in order to achieve optimum mechanical performance.
5.2.5 UD Hemp Composites
The tensile strengths of the UD hemp composites in the 0° fibre direction was over double the 
tensile strengths, with three times greater than the peak tensile stiffiiess, compared with the bulk 
resin properties. As a result, the UD hemp composites had 40 % higher tensile stiffiiess and similar 
tensile strength when compared with the E-glass CSM composites. This meant that these UD hemp 
fibres did produce stiffiiess and strength improvements to the bulk resin system. However, as this 
was an aligned architecture, unlike the random orientation of the CSM fabrics, the mechanical 
properties in the transverse (90°) fibre direction were expected to be far lower than the longitudinal 
fibre direction (reinforcing fibres are not orientated to the load direction).
When the UD hemp composites were loaded in the 90° fibre direction, the tensile strength was 
approximately 15 % of the strength of the composite loaded in the 0° fibre direction, and the 
transverse stiffiiess of these UD hemp composites was similar to the stiffiiess of the resin system. 
This was expected since it has been shown in literature that a UD E-glass/epoxy composite has a 
transverse strength that is only 4 % of the longitudinal composite strength (Daniel and Ishai, 2006).
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5.3 Flexural Properties
5.3.1 Introduction
In conjunction with tensile testing, flexural testing of composites is required when characterising 
these materials, especially in the context of components that will be expected to act in a 
semi-structural manner. Flexural stress and flexural strain are determined from the relationship 
between the applied moment and the deflection of the neutral axis from its rest position. This 
relationship is only valid for comparatively small deflections: BS EN ISO 178:2003 suggests a 
maximum deflection strain of 3.5 % whilst ASTM D 790 -  10 has a maximum deflection strain of 
5 %. As with the tensile data, the results from all of the resins and composites tested in flexure are 
summarised in Figures 5.4 (flexural stiffness), 5.5 (peak flexural strength) and 5.6 (flexural strain 
at failure).
5.3.2 Bulk Resin Samples
The flexural stiffness and strengths for the bulk resin samples demonstrated similar results 
(average stiffness and strength of 3 GPa and 105 MPa respectively). However, these resins 
exhibited some differences that are in contradiction with the tensile results:
• The UP had the lowest flexural stiffness (2.8 GPa) with a peak strength (105 MPa) that 
was in the middle of the range demonstrated with the other resin systems.
• The standard vinyl ester demonstrated the highest stiffness and peak strength compared 
with the other resin systems (3.3 GPa and 113 MPa respectively).
• The addition of styrene to this resin system decreased the flexural stiffness and peak 
strength by 5 % and 11 % respectively, compared with the standard VE resin. As the resin 
system was no longer at optimum proportions, this difference was to be expected.
• The Crestapol 1212 urethane methacrylate resin system exhibited low flexural stififtiess 
(2.9 GPa) and high flexural strength (111 GPa) compared with the other resin systems.
Given the tensile results, it may appear surprising that the UP resin performs so poorly (by 
comparison) in flexure. Given that a flexural test will place parts of the same coupon in tension and 
compression simultaneously, it could be that the compressive properties of the UP are lower than 
the other tested systems.
5.3.3 E-glass CSM Composites
As this E-glass fabric has a sandwich construction, with the chopped glass fibre on the surfaces and 
a long fibre polypropylene core, it was expected that these composites would have better flexural
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properties than tensile properties. The average flexural stiffness and strength of these composites 
was 8.9 GPa and 270 MPa. Composites utilising this fabric exhibited three times greater stiffness 
and strength compared with the bulk resins. The only exception was the unsaturated polyester 
laminate, which demonstrated only a 240 % improvement. The strain at break of these composites 
was around 3.5 %. Notable results were:
• The UMa resin composite demonstrated the highest flexural stiffness (9.9 GPa) and 
strength (304 MPa) compared with the E-glass composites that utilised the other resin 
systems.
• The modified VE composite exhibited decreased the flexural stiffness by 7 % but increased 
the flexural strength by 6 % compared with the standard VE composite.
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Figure 5.4. Flexural stiffness of different resin and reinforcement combinations
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Figure 5.5. Peak flexural strength of different resin and reinforcement configurations
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Figure 5.6. Flexural strain at failure for different resin and composite configurations (no bulk resin
data shown as failure occurred when the strain was over 5%)
5.3.4 Hemp CSM Composites
Similar to the tension test results, the flexural strengths of the hemp CSM composites were only 
slightly more than half those of the bulk resin samples, whilst the flexural stiffness was similar for 
the resins and the respective Hemp CSM composites. The average strain at failure of these 
composites was 2.9 %. Notably, the UP hemp composite exhibited the lowest flexural stiffness and 
strength with the highest strain at break compared with the composites utilising the other resin 
systems. This finding was similar to the flexural properties of the UP E-glass CSM composite 
when compared with the other E-glass composites. In addition, the modified VE hemp composite 
demonstrated no noticeable difference flexural properties compared with the standard VE hemp 
composite.
5.3.5 UD Hemp Composites
As the yams of fibre within this composite were aligned to one direction, it was expected that the 
flexural properties in 0° fibre direction would be magnitudes higher than the bulk resin specimens. 
As the yams were twisted, there was a possibility that the fibre was not strengthening within the 
compressive element of this flexural test. This is realised by the lower increase in flexural 
properties between reinforced composite and bulk resin properties compared to what was observed 
with the tensile results. The flexural strength of these UD hemp composites were approximately 20 
% of the longitudinal composites strength. This percentage difference was lower than was observed 
for the tension tested specimens (15 %).
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5,4 Optical Microscopy of Composite Cross-Sections
5.4.1 Introduction
The mechanical properties of engineering materials can be related to microstructure: in the case of 
composites, which are inherently heterogeneous, microstructural effects can be related to the 
constituents (in particular fibre dimensions and fibre orientation) and manufacturing defects (such 
as porosity). The composites produced in the present study were examined using optical 
microscopy and the images and analyses of these are presented here. The images presented within 
this section are solely images that presented interesting features.
5.4.2 Hemp CSM Composites
The micrographs in Figure 5.7a and b show regions from the cross-section of the hemp CSM 
composite that utilised the UP resin system. It was observed that there were fibre bundles as well 
as individual fibres. This would indicate that the fibres were not adequately separated during the 
fibre isolation phase. As the organic material (pectin and lignin) that binds the fibres together has a 
limited capacity for stress transfer, it would add potential sites for fracture initiation within a 
stressed composite, resulting in a weakened material. Voids were observed in all of the hemp CSM 
composite specimens: a significant number were found in all the samples but voids were especially 
prevalent within the vinyl ester composite. It was previously noted, during the laminating process, 
that the resin had difficulty in infusing areas of high fibre density (high fibre volume fraction) and 
this tallied with the porosity observed in the final product.
5.4.3 UD Hemp Composites
The micrographs in Figure 5.7c and d show parts of the cross-section from a UD hemp/UMa 
composite. As porosity was not observed within the yams, it was determined that the resin systems 
had no problems with wetting out the yam and fully encapsulating the individual fibres. However, 
porosity was observed in between the yams in the resin rich volumes (Figure 5.7c). A hypothesis 
for this effect is that the lower pressure within this region caused any porosity within the yam to be 
drawn to these channels. Unfortunately, the periodic cotton cross-stitch, which is perpendicular to 
the yams, acted as a barrier that stopped the air bubbles from being drawn out of the laminate. 
Since the cross-sections were cut perpendicular the yam direction, it is possible to determine the 
shape of the cross-sections. It can be seen from the two images that the hemp fibres have a range of 
widths. The widths of the fibres vary between 10 and 100 pm. The fibres within these yams were 
determined to be adequately separated.
Page 1102
Porositv
E-glass CSM  
Laver
PP Core
Layer
Figure 5.7. Micrographs of the showing a) random fibre orientation and variable fibre diameters of 
the hemp CSM composite; b) a fibre bundle within the hemp CSM composite; c) cross-section of 
the hemp yam with variable fibre cross-section and observable porosity in the resin rich area; d) 
the twist of the hemp yam with the cotton-cross stitch; and e) the hybrid architecture of the E-glass 
CSM fabric
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5.4.4 E-glass CSM Composites
The micrograph in Figure 5.7e shows a part of the cross-section of an E-glass/UP composite. From 
this micrograph it was possible to observe the hybrid structure of this composite, with an E-glass 
CSM outer surface and a polymer fibre core. The E-glass outer layers were approximately 400 pm 
in thickness and the polymeric core was 900 pm. The E-glass and polypropylene fibres had an 
estimated diameter of 10 pm and 50 pm respectively. There was no noticeable porosity within 
these composite specimens; the low fibre volume fraction of the core would have allowed porosity 
to exit the laminate.
5.5 The Properties o f Natural Fibre Composites Utilising Woven 
Fabric with Different Weft and Warp Configurations
5.5.1 Introduction
The results from the previous sub-investigations have demonstrated that aligned architectures of 
natural fibres composites are required to compete with mechanical performance of CSM E-glass 
composites. As a consequence, woven flax fabric of various hopsack configurations (Section 3.2,4) 
was obtained from the NATEX group at DeMontfort University. This investigation was designed 
to find the hopsack configuration that obtained the optimum mechanical properties. The UP resin 
was used to laminate these fabrics.
This section first presents the results from tension and flexural testing of the woven fabric 
composites. This is then followed by optical microscopy of composite cross-sections. The 
composites were tested with one fibre direction aligned to the load direction (0°/90° orientation). 
The previous bulk resin and E-glass CSM composite data (from Section 5.2 and 5.3) have been 
utilised for comparative purposes.
5.5.2 Tensile Results
The tensile test results of the woven fabric composites are summarised in Figures 5.8 (Young’s 
modulus), 5.9 (peak tensile strength), and 5.10 (strain at failure). The results have demonstrated 
that the addition of the woven fabrics to the resin system increased the stiffiiess of the bulk resin, 
with a result that was half way between the bulk resin and the E-glass CSM composite (4.8 GPa).
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Figure 5.8. Young’s modulus of woven flax/UP composites
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Figure 5.9. Peak tensile strength of woven flax/UP composites
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Figure 5.10. Tensile strain at failure of woven flax/UP composites
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The tensile strengths of these woven fibre laminates were similar to the tensile strength of the bulk 
resin. As expected, the tensile strengths were just under half of the unidirectional hemp composites 
(50% of fibre aligned to load and increased resin rich areas due to weave).
Interestingly, the strain at break of these woven composites was 50 % greater than the unreinforced 
resin and E-glass composite. A possible explanation for this increase in mechanical properties was 
that these fabrics utilise flax fibre, unlike the hemp fibre used previously. Literature has shown that 
flax fibre produces slightly superior mechanical properties than hemp due to the smaller inter-fibre 
variability and greater aspect ratio of flax fibres (Section 2.2.3).
Focusing solely on the tensile results, it would appear that the 3/3 hopsack configuration produced 
the highest stiffiiess and strength. The strain at break was slightly lower than the 2/2 composite, 
however, the 2/2 fabric had a higher degree of crimp. This would have resulted in a lower fibre 
volume fraction for the 2/2 composite compared with the 3/3 composite.
5.5.3 Flexure Results
The flexure results of the woven fabric are summarised in Figures 5.11 (flexural stiffness), 5.12 
(peak flexural strength), and 5.13 (strain at failure).
The flexural stiffiiess results have shown that the best performing fabric (3/3) composite was 20 % 
greater than the bulk resin and half of the stiffiiess of a CSM E-glass composite. This stiffiiess was 
also just under half of the unidirectional hemp composite. This outcome was expected for the 
reasons stated previously within the tensile testing analysis. Other notable results were:
• The flexural strength results of these woven fabric composites were slightly lower than the 
strength of the bulk resin, and a third of the strength of an E-glass CSM composite.
• The woven composite with the highest flexure strength (3/3) achieved 80 % of the flexure 
strength of the bulk resin.
® The flexural strain at break of the 2/2 woven was similar to the strain at break of the bulk
resin (5.8 %). The other woven fabric composites achieved a strain at break that was half 
way between the bulk resin and the CSM E-glass composite (approximately 4.6 %). The 
reason for the higher strain at break for the 2/2 woven composite was attributed to the 
higher crimp of the fabric.
• The 4/4 and modified 4/4 composites demonstrated similar mechanical properties. This 
illustrated that the modification applied to this fabric had no noticeable effect on the 
mechanical properties of the composite.
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Figure 5.11. Flexural stiffiiess of woven flax/UP composites 
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7
? 6 
5
4 f
3 
2 
1 
0
2
ri
s .
«
I
g
Resin (bulk) E-glass CSM 2/2 hopsack 3/3 hopsack 4/4 hopsack 4/4 modified
hopsack
Laminate Type 
Figure 5.13. Flexural strain at failure of woven flax/UP composites
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5.5.4 Microscopy of Composite Cross-Sections
The micrographs from the woven composite cross-sections can be seen in Figure 5.14. Cross- 
sections of modified 4/4 composite were studied but were shown to be similar to the standard 4/4 
laminate (no images are presented of the modified 4/4 laminate).
It was possible to observe four distinct yams along the top of the image for the 2/2 fabric 
(Figure 5.14a) -  i.e. to two tows each per weft and warp for this fabric, with each tow comprised 
of two yams. The yams were circular in shape and had an approximate diameter of 0.25 mm 
(measured using the scale on the ocular lens). From examining the cross-section of this composite 
(Figure 5.14b) it was possible to observe one full twist of the tow every 2 mm. At the bottom of 
this image it was possible to observe a resin rich area (increased crimp equals increased resin rich 
areas).
Parallel
fibres
Difficult to  
d e term in e  
individual yarn s
- * 4
250 urn
Figure 5.14. a) Cross-section of the 2/2 laminate showing individual yams and b) the twist of a 
tow; c) Cross-section of the 3/3 laminate with the yams not neatly aligned, and d) cross-section of 
the 4/4 laminate with indistinguishable yams.
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The cross-section of the 3/3 fabric (Figure 14c) shows that the yams were not as neatly aligned 
compared with the 2/2 fabric. A possible explanation was that the decreased tension on the tows 
during manufacture resulted in reduced alignment of the tows. From examining the cross-sections 
of this composite, the fibre volume fraction was estimated to be higher compared with the 2/2 
fabric cross-sections.
From analysing the cross-sections of the 4/4 composite (Figure 5.14d) it was difficult to 
distinguish the individual tows in the weave compared with the 2/2 and 3/3 composites (tighter 
packed tows). This result could be interpreted as indicating that this composite has a higher fibre 
volume fraction compared with the 2/2 and 3/3 composites. However, this (theorised) higher fibre 
volume fraction of the 4/4 laminates did not translate into improved flexural and tensile stiffness 
compared with the 3/3 laminate. A possible explanation is that the greater spacing between 
different fibre alignments caused greater stress concentrations; leading to sites where failure could 
have initiated at a lower stress.
5.6 Single Edged Notch Fracture Testing o f Natural Fibre and E-glass 
CSM Composites
5.6.1 Introduction
As thermosetting resins nominally have low fracture toughness compared with composites, it was 
expected that the addition of natural fibres would significantly increase the fracture toughness of a 
bulk resin. This investigation compared the fracture toughness of a hemp CSM/UP composite with 
an E-glass CSM/UP composite. The theory of single edge notch fracture testing is explained in 
Section 4.7. This investigation utilises three different geometric correction factors:
• Constant Correction Factor (Y = 1.12). This assumes that the width of the specimen is far 
greater than the crack length (a«w ).
• Hertzherg Correction Factor (Y = variable). Since this investigation used crack lengths up 
to 50% of the width, a variable geometric factor was implemented (Hertzberg, 1996).
• Compliance Calibration (Y = variable). As the Hertzberg correction factor might not 
provide an accurate correction for these types of materials under investigation, the correct 
correction factor for that material through compliance calibration was determined and 
applied.
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5.6.2 Fracture Results Utilising the Constant Correction Factor
The fracture results from the single edged notch testing of the hemp CSM and E-glass CSM 
composites that utilise the constant correction factor can be seen in Figure 5.15. The average 
fracture toughness for the CSM hemp composite and the CSM E-glass composite was
2.04 ± 0.04 MPa m^ ^^  and 9.3 ± 0.3 MPa m^ ^^ . This meant that the fracture toughness of the CSM 
hemp composite was under a quarter of the fracture toughness from the CSM E-glass composite 
but was still up to four times greater than was expected by the bulk resin (0.5 to 1.0 MPa m*^ )^ 
(Matthews and Rawlings, 1999).
From examining these fracture toughness results, it was possible to observe that the fracture 
toughness of both composites decreased with increasing crack lengths after the crack length ratio 
equalled 0.2. This was due to the constant correction factor being invalid at higher crack length 
ratios as the condition that a « w  was no longer valid. As the CSM hemp composite had previously 
demonstrated lower tensile and flexure stiffness and strength compared with CSM E-glass 
composites, it was expected that the fracture toughness of the hemp composite would be lower than 
the E-glass composite. The observed scatter in the fracture toughness results at similar crack 
lengths was due to the inherent random orientation of these CSM fabrics. In addition, at small 
crack lengths, a/w <0.15, failure rarely occurred at the induced crack.
16 -,
E-glass CSM 
Hemp CSM
12 -
9.3  ± 0 .3
D>
0.60.30.1 0.2 0.4 0.50
Crack Length Ratio (a/w)
Figure 5.15. Fracture toughness of an E-glass CSM and hemp CSM composite as a function of 
crack length ratio (geometric correction factor, Y=1.12)
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5.6.3 Fracture Results Corrected with Hertzberg Correction Factor
In order to apply the Hertzberg correction factor to the fracture data, a curve of best fit was plotted 
on a graph (Figure 5.16) using the data from Table 4.3 so that the correction factor for any crack 
length could be determined. This was used to re-analyse the results (Figure 5.17). When the 
Hertzberg correction factor was applied to the fracture toughness data it was observed that the 
fracture toughness result linearly increased for increasing crack length ratio. This meant that the 
variable correction factor for an isotropic material was an overestimate of the correction factor 
required for these materials.
3.5
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0.60.3 0.4 0.50.20 0.1
Crack Length Ratio (a/w)
Figure 5.16. Hertzberg correction factor as a function of crack length ratio
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Figure 5.17. Fracture toughness of an E-glass CSM and hemp CSM composite as a function of 
crack length ratio (geometric correction factor, Y=Hertzberg)
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5.6.4 Correction Factor Determined by Compliance Calibration
For the compliance calibration correction factor to be calculated, the compliance of the material 
over a range of crack lengths needs to be acquired. Compliance curves for the hemp CSM and 
E-glass CSM composites over a range of crack length ratios can be seen in Figure 5.18. From 
calculating the equation of the curve of best fit for each material, the differential of the curve 
determines the correction factor of that material as a fimction of crack length ratio.
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4.0E-07
3.5E-07
r  3.0E-07
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0.2 0.3 0.5 0.60.1 0.40
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Figure 5.18. The compliance as a function of crack length ratio for the E-glass CSM and hemp 
CSM composites
The compliance data at small crack length ratios were not calculated (less than a/w = 0.2). The 
results obtained demonstrated that these crack lengths the compliance was increasing and as such 
the differential was a negative. But as the fracture test results were often invalid at small crack 
lengths (fracture did not occur at induced crack), this did not pose an issue. To allow uniformity 
with previous analysis, a correction factor of 7  = 1.12 was utilised for crack lengths less than 
a/w = 0.2. Figure 5.19 shows the compliance corrected fracture toughness of the hemp CSM and 
E-glass CSM composites. By applying the derived compliance data for the hemp CSM and E-glass 
CSM composites it was found that the average fracture toughness of the materials was 
2.9 ±0.1 MPa m^^^  and 11.3 ± 0.4 MPa m^  ^ respectively. Despite calculating the true correction 
factor of the material there was a slight increase in the fracture toughness at longer crack lengths. 
The rate of gradual increases in the compliance corrected fracture toughness (as a function of crack 
length ratio) for both composites was less than the increases observed with the Hertzberg corrected 
fracture data.
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Figure 5.19. Compliance corrected fracture toughness for the E-glass CSM and hemp CSM 
composite as a function of crack length ratio.
5.6.5 Scanning Electron Microscopy of SEN Fracture Surfaces
Microscopy of the fracture surfaces of the single edged notch fracture specimens was conducted 
because it was thought that it might be possible to determine the failure characteristics of these 
composites, as well as any other interesting features from their examination. Images of a hemp 
CSM composite and E-glass CSM fracture surfaces can be seen in Figure 5.20 and 5.21 
respectively.
The first noticeable difference between the fracture surfaces of the two types of composite was the 
range of different fibre cross-sections within the hemp fibre composite compared with the uniform 
fibres within the E-glass composite. This finding was expected since these hemp fibres were not 
sufficiently separated and natural fibres generally have variable inter- and intra-fibre dimensions. It 
was also possible to observe ridges on the polymeric surface within the fibre pullout hole 
(Figure 5.20d). These creases match the ridges observed along the natural fibre (Figure 5.20b). 
These ridges may indicate the presence of kink bands (dislocations) that can occur within a natural 
fibre.
The fracture surface of the E-glass CSM composite in Figure 5.21 shows resin adhered to the 
surface of the fibres (Figure 5.21b) Focusing on a single bundle of fibres pulled out from the resin 
(Figure 5.21c), it was possible to identify shear bands within the resin matrix. In some locations of 
the E-glass CSM composite fracture surfaces it was possible to observe fibre breakage 
(Figure 5.2Id). As the E-glass fibres are orders of magnitude stronger than natural fibres, it would 
mean that the resin-glass interface was far stronger than the resin-natural fibre interface.
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Micro-fibrillar Bands
%
Figure 5.20. Fracture surface of the hemp CSM composite showing a) porosity, b) resin adhered to 
protruding fibres, c) mirco-fibrillar bands on the fracture surface of a fibre, and d) fibre-pullout 
hole
m t .
Figure 5.21. Fracture of the E-glass CSM composite showing a) extensive fibre pullout, b) resin 
between pulled out fibre bundles, c) shear bands on the surface of the resin, and d) fibre breakage
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The resin-fîbre interface is crucial for composites as a load exerted on the matrix needs to be 
transferred to the reinforcement via this interface. A lower than desired resin-fibre interface 
strength would cause a low stiffiiess and strength of the composite. However, a too strong interface 
would have resulted in a composite with a low resistance to fi^cture (Matthews and Rawlings, 
1999). For a fibrous composite, low interface strength would be determined by a high degree of 
fibre pullout with no fibre breakage, whilst high interface strength could be determined by high 
fibre breakage with minimal fibre pullout. The optimum interface strength would give a mixture of 
fibre pullout and breakage. The E-glass CSM composite exhibited optimum interface strength due 
to the mixture of fibre pull out and fibre breakage.
It was concluded that the hemp CSM composites had a lower than optimum interface strength. This 
reasoning was deduced by the high degree of fibre pullout with minimal fibre breakage. A lower 
than ideal interface strength for the natural fibre composites might be an explanation for the poor 
tensile and flexure properties as well as the poor fracture toughness.
It can be postulated that improving the interface strength of the natural fibre composite would 
result in the fracture surface of that composite exhibiting greater fibre fracture. However, if the 
interface was made too strong, only fibre fracture would be observed. This overly strong interface 
would cause a lower than ideal fracture toughness of the composite.
5.7 Fibre Volume Fraction Determination of Natural Fibre Composites
5.7.1 Introduction
Owing to the inability to conduct resin bum off or acid digestion to find the fibre volume fraction 
of natural fibre composites, this section presents the results from the fibre volume fraction 
determination investigation. The results from density calculations will be presented first and then 
the extrapolated fibre volume fractions of these natural fibre composites.
5.7.2 Density Calculations
The densities of the fibres, resin and composites from Archimedes buoyancy calculations are 
presented in Table 5.1. As the hemp CSM fabric had a lower fibre quality compared with the hemp 
UD fabric, it was hypothesised that the hemp CSM fabric, which was contaminated with pectin and 
lignin, had lower cellulose content. Since these organic contaminants have a lower density than 
cellulose, it was expected that the CSM hemp to have a lower density than the unidirectional hemp.
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The density obtained for the unidirectional hemp was similar to densities recorded in literature for 
good quality hemp fibre (Table 2.2).
Table 5.1. Density of different specimens
Specimen Density (g cm'^
Hemp CSM 1.38
HempUD 1.494
Crestapol 1212 1.205
Hemp CSM Composite 1.23
Hemp UD Composite 1.289
5.7.3 Fibre Volume Fractions
From using the data in Table 5.1, it was possible to calculate the density of the composites 
(Table 5.2). One factor to observe when examining these calculated results is that it assumed no 
porosity existed within the laminate. If porosity did exist within the composite specimens, the 
calculated fibre volume fi-action would be an underestimate of the true fibre volume fraction. Any 
voids present within the laminate would displace fluid proportional to the volume of the void 
during the measuring of the composites mass in oil. This displaced fluid would have caused a 
decrease in the measured mass.
Owing to the aligned fibre architecture of the unidirectional hemp composite compared with the 
hemp CSM composite, it was expected that the unidirectional composite had double the fibre 
volume fi-action. This doubling of the fibre volume fraction has been previously observed between 
E-glass CSM composites and E-glass unidirectional composites; 0.32 and 0.7 respectively (Daniel 
and Ishai, 2006). These calculated fibre volume fractions were close to the predicted numbers from 
the analysis of composite cross-sections.
Table 5.2. Fibre volume fraction of cellulose based composites
Composite Fibre Volume Fraction
Hemp CSM 
HempUD
0.16
0.29
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5.8 Residual Moisture within Natural Fibres and its Effect on 
Composite Performance
5.8.1 Introduction
As water is known to limit the cure of natural fibre composites, it is necessary to determine the 
impact of fibre preparation on the performance of the subsequent composite. Here the effect of 
drying the fibres before manufacturing is considered. This section first presents the measurement 
of residual moisture within the fibres, followed by the tension and flexure results of natural fibre 
composites (unidirectional hemp) that utilise un-dried and dried fibre.
5.8.2 Residual Moisture within Natural Fibres
As the natural fibres were stored in a laboratory at ambient conditions (approximately 40 % 
relative humidity at 20 °C), it is to be expected that there will be some component of moisture 
absorbed within the natural fibres.
Specimens from the two natural fibres (hemp CSM fabric and hemp UD fabric) were dried in an 
oven at 105 °C with the mass recorded at hourly intervals. The reason for selecting 105 °C was that 
this temperature was above the boiling point of water but safely below the degradation temperature 
of the natural fibres. Table 5.3 shows the results fi-om drying of the fibres. The results show that 
the mass decrease stabilises around 8.14 % for the hemp CSM fabric and 9.02 % for the hemp UD 
fabric.
Table 5.3. Mass decrease of different cellulosic fibres during drying at 105 °C
Fibre Type I h 2 h
Mass Decrease (%) 
1 3 h  1 4 h 5 h
Hemp CSM 8.10 8.12 8.13 8.14 8.14
HempUD 8.76 8.94 8.99 9.01 9.02
After laminating (i.e. the infiision of the resin into the fabric), the resin undergoes a curing process. 
Gelation (initial formation of cross-links) and subsequent chemical reactions are exothermic and 
the temperature of the resin increases significantly (as high as 150 °C for some systems). As this 
only for a short duration, it is not expected to cause a reduction in mechanical properties of the 
fibre (for thermal degradation, see Section 2.6.4). It is during this stage that un-dried natural fibres 
could exhibit desorption of water fi-om the fibre and into the interphase, which could inhibit the 
curing process. As both types of natural fibres demonstrated rapid moisture loss (more than 95 % 
of equilibrium dry point within the first hour) this would be a concern when producing composites 
using these types of thermosetting polymers.
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It was observed that once the fibres were removed fi-om the oven and placed immediately onto the 
scales that the mass of the fibres increased slowly (less than 0.001 wt.Vo per second). This was due 
to the fibres cooling and starting to absorb moisture from the surrounding air. This observation 
highlighted the importance of conducting the laminating process immediately after the fibres are 
removed from the oven.
Since the moisture loss significantly reduced after 2 hours of drying (less than 0.05 % change 
between 2 hours and 3 hours), it was decided that this drying duration would be used within this 
study.
5.8.3 Tensile Results
The tensile test results from the un-dried and dried unidirectional hemp fibre composites are 
summarised in Figures 5.22 (Young’s modulus), 5.23 (peak tensile strength), and 5.24 (strain at 
failure). Table 5.4 shows the percentage differences in tensile properties between dried and un- 
dried fibre.
If there was a weaker interface within the un-dried fibre composite, caused by moisture inhibiting 
cure of the resin, it would result in decreased load transferring properties. As the UMa is known to 
have had greater cure sensitivity than UP, the difference between composite properties would have 
been more pronounced. This shows that drying is imperative for optimum composite performance.
When the composite with un-dried fibre was manufactured, it was possible to observe a change in 
colour of the UMa resin system (Figure 5.25). This would indicate that the residual moisture has 
affected the cure properties of either the resin system or, more likely, the interface.
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Figure 5.22. Young’s modulus of dried and un-dried hemp UD fibre composites
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Figure 5.23. Peak tensile strength of dried and un-dried hemp UD fibre composites
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Figure 5.24. Tensile strain at failure of dried and un-dried hemp UD fibre composites
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Figure 5.25. Visible colour difference of the laminate with dried and un-dried fibre
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Table 5.4 The percentage improvement in tensile properties between the dried and un-dried 
composites
(positive result implies 
improvement with dried 
fibre)
UPCoi
0°
nposite
90°
UMaC
0°
omposite
90°
Tensile Stiffness 
Peak Tensile Strength 
Strain at Failure
17%
25%
-10%
1%
3%
- 50 %
70%
60%
-35%
250 % 
75% 
- 75 %
5.8.4 Flexure Results
The flexure test results from the un-dried and dried unidirectional hemp fibre composites are 
summarised in Figures 5.26 (flexural stiffiiess), 5.27 (peak flexural strength), and 5.28 (strain at 
failure). The flexural stiffiiess results from these composites exhibited similar trends compared 
with tensile test results.
The flexural stiffiiess increased by 20 % and 44 % for longitudinal and transverse fibre directions 
of the UP composite. As expected, the flexural stiffiiess increased by a greater amount for the UMa 
composite; increases of 52 % and 320 % were observed for longitudinal and transverse fibre 
directions. The flexural strength of the UP composite increased by 13 % for the longitudinal fibre 
direction but decreased by 8 % for the transverse fibre direction. The UMa composite observed 
substantial gains through drying with flexural strength increases of 73 % and 92 % for the 
longitudinal and transverse fibre directions.
For the reasons stated previously within the tension test results, there was a decrease in flexural 
strain at break observed for both types of resin composites and orientations. The urethane 
methacrylate composite observed a greater decrease for the stain at break than the unsaturated 
polyester composite.
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Figure 5.26. Flexural stiffness of dried and un-dried hemp UD fibre composites 
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Figure 5.27. Flexural strength of dried and un-dried hemp UD fibre composites
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Figure 5.28. Flexural strain at failure of dried and un-dried hemp UD fibre composites
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5.9 Concluding Remarks
This investigation has shown that if high quality natural fibres (such as the UD hemp) that have 
undergone suitable processing methods (such as drying of fibre) are utilised in conjunction with a 
suitable thermosetting resin system (low viscosity), it is possible to obtain mechanical properties 
that could be comparable to E-glass CSM composites laminated with similar thermosetting resins. 
Caution should be advised when manufacturing natural fibre composites as incorrectly defining the 
composite parameters, as demonstrated in this study, could lead to mechanical properties that are 
lower than what can be achieved with the bulk resin.
Through the analysis of the results within this study it has also been demonstrated that:
i. CSM and UD hemp composites had low fibre volume fractions (0.16 and 0.29 
respectively) compared with E-glass composites, meaning that the composite is 
predominantly matrix;
ii. high fibre pull-out of the hemp CSM composite fracture surface means that the 
resin-fibre interface was not at optimum.
The microscopy analysis of the hemp CSM single edge notch fracture surfaces has shown that 
there was high degree of fibre pullout with minimal fibre breakage. An optimum composite 
fracture surface would have a mixture of fibre breakage and pullout (Matthews and Rawlings, 
1999). This observation has indicated that there was potential for improving the resin-natural fibre 
interface strength with these resin systems that could result in improved mechanical properties 
(tensile, flexure and fracture toughness).
Having considered possible fibres, the next chapter presents the results and analysis of modified 
and bio-based resin systems.
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6. Effect o f Matrix Type/Modification on the Properties o f Natural 
Fibre Composites
6.1 Introduction
Whilst the previous chapter has shown promising mechanical properties with natural fibres, those 
resin systems are specifically tailored for synthetic fibres. In addition, those resin systems are also 
manufactured from petrochemical constituents, which is not generally considered a sustainable 
source. Both of these issues need to be addressed if natural fibre composites are to be a competitive 
alternative to standard synthetic fibre equivalents.
For natural fibre composites to be more commercially viable, different methods are being explored 
in order to improve the poor resin-fibre interface strength (as discussed in Section 5.6.5). Many of 
the successful routes for modification, detailed in Section 2.10, have been through the use of some 
form of coupling agent, but the main drawback is that it creates another step in the laminating 
process. However, if a resin system has the modification built into the formulation, then there 
would be no need for a processing stage. This resin system would be truly optimised for natural 
fibre composites.
One of the motivations for using a natural fibre is the sustainable sourced potential of the material. 
The previous investigation has shown that these natural fibre composites achieved low fibre 
volumes (0.16 for hemp CSM and 0.29 for UD hemp). This meant that the sustainable content of 
these resins need to be addressed if the sustainability of the resulting composite is considered. A 
method seen to improve the sustainable content of resin systems is the use of bio-derived 
constituents.
This chapter considers the mechanical properties of natural fibre composites with modified, non­
commercial thermosetting resin systems. These modifications include the use of a newly developed 
coupling agent to an existing resin system, a completely reformulated resin system that is 
optimised for natural fibres, and bio-derived resins.
6.2 The Properties of Hemp UD Composites with the Addition o f a 
Coupling Agent to the Resin System
6.2.1 Introduction
The low interface strength, previously observed with the natural fibre composites, meant that a 
coupling agent was created to promote a chemical interface between the fibre and the
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thermosetting resin. Even though this coupling agent would mean that the resulting resin was not 
REACH compliant, it would have proved the concept of increasing interface strength and its 
resulting effect on the mechanical properties of the composite.
Before these modified resins were used to laminate a natural fibre fabric, the bulk resin mechanical 
properties need to be understood (Section 6.2.2 and 6.23). If the mechanical properties of the resin 
system were degraded, it would have indicated an incompatibilily of the coupling agent with the 
resin system. This investigation utilised the 0 w/.%, 5 w/.%, 10 wt.Vo and 20 wt.% addition of 
coupling agent with the UMa base resin. Owing to the slight variations between plant batches, the 
base resin without coupling agent was re-tested (not using data from previous investigations). Once 
the mechanical properties of the modified resin systems were known, they were used to laminate a 
natural fibre fabric (Section 6.2.4 and 6.2.5). As the unidirectional hemp fibre fabric demonstrated 
a higher quality compared with the CSM hemp fabric, this fabric was used as the sole source of 
natural fibre within this investigation.
6.2.2 Tensile Results from the Bulk Resin Specimens
The tensile results of modified bulk resins are presented in Figures 6.1 (Young’s modulus), 6.2 
(peak tensile strength) and 6.3 (strain at failure). By increasing the proportion of coupling agent 
within the resin system, there was a gradual increase in the Young’s modulus and peak strength 
with a decrease in strain a failure compared with the base resin. The percentage differences of the 
modified resins compared to the base resin are shown in Table 6.1. The tensile properties of the 
unmodified resin were 2.55 GPa stiffness, 54 MPa peak tensile strength with a strain at failure of 
6.8%.
As the coupling agent was a simple oligomer with unsaturation, it would have increased the 
cross-linking density within the resin system and, as a result, altered the mechanical properties. 
This change in mechanical properties was similar to the addition of extra styrene to the vinyl ester 
resin system (increase in stiffness as well as a decrease in tensile strain at failure).
Table 6.1. ercentage change in tensile properties of modified systems compared to base resin
(negative value indicates 
decrease)
Prop
5 wtVo
ortion of Coupling 
10 wtVo
Agent
20 wUVo
Young’s Modulus 
Peak Tensile Strength 
Strain at Failure
7% 
9% 
-17 %
12% 
17% 
-33 %
22%
15%
-46%
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Figure 6.3. Tensile strain at failure of modified bulk resin samples
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Even with a 46 % reduction in strain at failure for 20w/.% addition of coupling agent, this 
modified resin system still had a strain at failure that was greater than hemp UD fibre composite 
systems (Figure 5.3). This means that if this resin was used to laminate the hemp UD fabric, the 
matrix should not cause a degradation of the resulting composite properties.
6.2.3 Flexural Results from Bulk Resin Samples
The flexural results of bulk resin samples are presented in Figures 6.4 (Young’s modulus), 6.5 
(peak flexural strength) and 6.6 (strain at failure). It should be noted that, in the case of a flexural 
test, equations used in the analysis of mechanical test data assume small deflections (i.e. 
comparatively small movement of the neutral axis of an undamaged specimen from the at-rest 
plane or, to put it another way, comparatively large radius of curvature of the specimen). The 
specimens tested here were comparatively flexible and exceeded the typical limits which would be 
used and hence comparatively high strains at failure were recorded. Consequently, the error bars 
have not been included within Figure 6.6 due to the inherent inaccuracy of calculated data: the 
peak strength and strain at failure are to be used only as a comparison.
As before with the tensile results, the increasing proportion of coupling agent within the resin 
system demonstrated an increase in the flexural stiffness and peak strength with a decrease in strain 
at failure compared with the base resin. The percentage differences of the modified resins 
compared to the base resin are shown in Table 6.2. The flexural properties of the unmodified resin 
were 2.45 GPa flexural stiffiiess, 89 MPa peak flexural strength with a strain at failure of 14 %.
When comparing these flexural results with the tensile data, the 5 wt.Vo and 10 wr.% additions of 
coupling agent had similar percentage increases. However, the flexural results demonstrated a 
greater improvement in stiffiiess and strength for the 20 wt.Vo of coupling agent compared with the 
tensile results. As the flexure test has a compressive component in addition to the tensile 
component, this increase could be attributed to a change in the compressive properties for the 
20 wt.Vo coupling agent resin system.
Table 6.2. Percentage change in tensile properties of modified systems compared to base resin
(negative value indicates 
decrease)
Prop
SwUVo
ortion of Coupling 
10 wtVo
Agent
20 wUVo
Flexural Stiffness 
Peak Flexural Strength 
Strain at Failure
7%
9%
- 21 %
11% 
16% 
- 32 %
31%
32%
- 52 %
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6.2.4 Tensile Results from Composites based on Modified Resins
As the mechanical properties of the modified resins exhibited no significant decrease in 
performance (in many aspects, there was an improvement) compared with the base resin, they were 
deemed suitable for the lamination of a unidirectional hemp fabric. The tensile results of 
unidirectional hemp composites laminated with the modified resins are presented in Figures 6.7 
(Young’s modulus), 6.8 (peak tensile strength) and 6.9 (strain at failure). The tensile properties of 
the composites with unmodified resin system were 9.7 GPa stiffiiess, 104 MPa strength with a 
strain at failure of 1.57 % for the 0® and 3.1 GPa stiffiiess, 18.2 MPa strength with a strain at 
failure of 1.4 % for the 90®.
As expected, the increasing proportion of coupling agent with resin system caused an increase in 
the Young’s modulus and strength of the composite in the 0° fibre direction, as well as an increase 
in Young’s modulus for the 90° fibre direction. What was not anticipated was the decrease in 
tensile strength for the 90° fibre direction.
Despite the large increases in tensile stiffiiess, the tensile strengths did not increase to the same 
degree. This was due to the decreasing strain at failure of the composite with the increasing 
proportion of coupling agent. For the 0° fibre direction, the results show that the composite 
strength reached its maximum with 10 W.% coupling agent. With any higher proportion of 
coupling agent, there was no definable increase in strength. For the 90° fibre direction the results 
demonstrate that the maximum stiffiiess increase peaked with 5 wt.Vo coupling agent.
Interestingly, the addition of the coupling agent led to a decrease in the tensile strength in the 0° 
fibre direction. Despite a 10 % decrease in transverse peak strength with 5 wt.Vo of coupling agent, 
upon further analysis of the raw data it was discovered that the yield strength had increased slightly 
(Figure 6.10). One possible explanation is that the low interface strength (0 wt.Vo) would allow 
fibre pullout to occur, hindering crack propagation. Higher interface strengths would increase the 
chance of fibre breakage and as a consequence could promote cracks to propagate at lower stresses.
Table 6.3 Percentage change in tensile properties of UD hemp composites laminated with 
modified resins compared with a UD hemp composite laminated with the base resin
(negative value indicates Proportion of Coupling Agent
decrease) 5 wt.Vo 10 wtVo 20 wtVo
0° Young’s Modulus 2 0 % 32% 31 %
0° Peak Tensile Strength 3% 7% 9%
0° Strain at Failure -6 % -8 % -11%
90° Young’s Modulus 32% 29% 19%
90° Peak Tensile Strength -10 % -5% -7%
90° Strain at Failure -39 % -29 % - 29 %
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6.2.5 Flexural Results from Composites based on Modified Resins
The flexural results of unidirectional hemp composites that utilise the modified resins are presented 
in Figures 6.11 (flexural stiffiiess), 6.12 (peak flexural strength) and 6.13 (strain at failure). The 
flexural properties of the composites with unmodified resin system were 7.6 GPa stiffness, 
138 MPa strength with a strain at failure of 3.5 % for the 0° and 2.13 GPa stiffiiess, 35.5 MPa 
strength with a strain at failure of 2.9 % for the 90®.
With the fibres aligned to the 0° fibre direction, the laminate with 10 wt.% coupling agent 
exhibited the greatest improvement in flexural properties, followed by that with 20 wt.Vo. The 
laminate with 5 wt.Vo coupling agent demonstrated only similar or lower flexural properties 
compared with the composite laminated with the unmodified resin system. With the fibres aligned 
to the 90° fibre direction, the laminate with 20 wt.Vo of coupling agent exhibited the best flexural 
properties, followed by the laminate with 10 w/.% and then the laminate with 5 wt.%. These results 
are summarised in Table 6.4.
The variability in flexural properties (no direct correlations between increasing additive proportion 
and mechanical properties) was attributed to the twisted yam’s performance for the compression 
component within this test procedure.
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Table 6.4 Percentage change in tensile properties of UD hemp composites laminated with 
modified resins compared with a UD hemp composite laminated with the base resin
(negative value indicates Proportion of Coupling Agent
decrease) 5 WtVo 10 WtVo 20 WtVo
0° Flexural Stiffness 0 % 17% 1%
0° Peak Flexural Strength -1% 12% 9%
0° Strain at Failure -11 % -11% -9 %
90° Flexural Stiffness 7% 4% 8 %
90° Peak Flexural Strength -5% -1 % 5%
90° Strain at Failure -24 % -10 % - 14%
6.2.6 Fibre Volume Fraction Calculations
The comparisons conducted in Sections 6.2.4 to 6.2.5 assumed that the fibre volume fractions of 
the laminates, with different proportions of coupling agent, were identical. In order to validate the 
previous comparisons, the fibre volume fractions were determined. The fibre volume fractions 
were calculated using Archimedes buoyancy calculations (Section 5.7). The calculated densities 
for each of the composites are shown in Table 6.5.
The results in Table 6.5 show that the laminate with 10 w/.% coupling agent had a fibre volume 
fraction that was 10 % greater than the other laminates. This could explain why the flexural results 
for the 10 wt.Vo laminate achieved a higher stiffness than the 5 wt.Vo and 20 wt.Vo laminates (from 
rule of mixtures). If the results were normalised, this would have resulted in a greater tensile 
stiffness for the 20 wt.Vo laminate compared with the 10 wt.Vo laminate. With the fibre volume 
fractions, and with the stiffiiess of the resin known, it is possible to calculate the effective fibre 
stiffness by using rule of mixtures (Table 6.5), and this is shown to increase with increasing 
proportion of the coupling agent in the resin system. As the fibres do not fundamentally change, 
this improvement in effective fibre stiffness was attributed to the improved load transfer capability 
of the interface. This meant that the interface strength had increased.
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Table 6.5. Effective fibre stiffness calculated using rule of mixtures
Coupling 
Agent 
Proportion (%)
Composite
Stiffness
(GPa)
Resin
Stiffness
(GPa)
Fibre
Volume
Fraction
Effective
Fibre
Stiffness
(GPa)
Effective 
Fibre 
Stiffness 
Gain (%)
0 9.7 2.55 0.29 27.2 0
5 11.6 2.72 0.30 32.2 18
10 12.8 2.85 0.33 33.0 21
20 12.7 3.10 0.30 35.2 29
As the fibres were not fully aligned to the load direction due to the twist of the yams, the effective 
fibre stiffness was expected to be lower than if single fibre tests were conducted. However, it was 
noted that the effective fibre stiffiiess was higher than the single fibre results of hemp found in the 
published literature (Table 2.2). One possible explanation for this unexpected finding is that the 
calculated fibre volume fraction was an underestimate (porosity affecting results) causing an 
overestimate of the effective fibre stiffiiess. Other possible explanations are that the measured 
stiffness of hemp within the reported literature is an underestimate due to inaccuracy in measuring 
the fibre cross-section (Section 2.7.3), or that the interaction between the fibre and the coupling 
agent leads to fundamental changes in the chemical structure of the fibre leading to an increase in 
stiffness.
6.3 The Properties of Hemp UD and E-glass CSM Composites with a 
Resin Tailored for use with Natural Fibres
6.3.1 Introduction
As it has been previously shown that the coupling agent increased the properties of natural fibre 
composites, a new resin system was developed with this type of modification implemented within 
the formulation. This new resin, Crestapol 1250LVNF, was based upon the standard Crestapol 
1250LV resin system. As the UD hemp fabric was the sole natural fabric utilised with the coupling 
agent, it was also the only fabric used within this research. As this modified resin was from a new 
resin system (not previously tested), the equivalent standard resin (1250LV) was also used within 
this research. This study followed a similar method of implementation where the bulk resin 
properties were characterised in addition to composite properties. For comparison purposes, the 
results using standard UMa (Crestapol 1212) resin and modified resin with 20 wtM  coupling agent 
were used.
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6.3.2 Tensile Results
The tensile results of the Crestapol 1250LV NF and the standard 1250LV resins and composites 
are presented in Figures 6.14 (Young’s modulus), 6.15 (peak tensile strength) and 6.16 (strain at 
failure).
Focusing on the bulk resin properties of the 1250LV NF, there was no difference seen in stiffness 
but there was an increase in strength of 6 % compared with the standard 1250LV resin system. In 
addition, the strain at failure increased by 9 % compared with the standard resin system. As this 
modified resin had a slightly decreased number of cross-linking sites compared with the standard 
resin, it was expected that there would be an increase in the strain at failure but a decrease in the 
stiffness and strength. As there was no decrease in stiffness, the strength was expected to increase 
due to the increase in the strain at failure.
Since this 1250LV NF resin was designed from first principles to have the same level of 
functionality as the resin with the addition of the coupling agent (20 wt.Vo), it was expected that the 
1250LV NF resin would be closer in mechanical properties to the base resin compared with the 
1212 resin and the system utilising the coupling agent. As these two 1250LV based resins were 
nearly identical chemistry, it was not surprising that the stiffiiesses and strengths of the E-glass 
composites were indistinguishable.
When the 1250LV NF resin system was used to laminate the unidirectional hemp fabric, it was 
expected that there would be similar trends observed with the two 1250LV systems when 
compared with the two 1212 systems. The stiffness in the 0° and 90° degree fibre orientations 
increased by 19 % and 31 % respectively for the 1250LV NF laminate compared with the standard 
1250LV composite. This meant that the 1250LV NF composite had a 5 % lower stiffness in the 0° 
fibre orientation and 8 % higher stiffness in the 90° fibre orientation compared with the 1212 with 
20 wt.Vo coupling agent.
As expected, the strain at failure of the 1250 LV NF laminate decreased by 27 % and 13 % 
respectively for the 0° and 90° fibre orientations compared with the standard 1250LV composite. 
Despite the increase in stiffiiess of the 1250LV NF laminate compared with the 1250LV laminate, 
there was a decrease in strength of 6 % for the 0° fibre orientation. Previously, there was an 
increase in strength when 20 wt.Vo of coupling agent was used with the 1212 resin based 
composite. However, the 1250LV NF laminate still had an 8 % greater stiffness compared with the 
1212 with 20 wt.Vo of coupling agent.
With the fibres aligned to the 90° fibre orientation, there was an increase in strength of 22 % for 
the 1250LV NF laminate compared with the 1250LV laminate. Previously, a 7 % decrease in 
strength was observed for the 1212 laminate with 20 wt.Vo coupling agent.
Page 1134
(9
Q.
O
î
3
■§
</)
O»
C
I
14
12
10
8
6
4
2
□1250LV
□ 1250LVNF
□ 1212
□ 1212/20%CA $
Resin (bulk) Hemp UD 0" Hemp UD 90" 
Reinforcement
E-glass CSM
Figure 6.14. Young’s modulus of 1250LV NF resin and laminates compared with the coupling 
agent system
160 i  ___________
(9
^  140
i ” *
g  100
(0 80
w 60
f  40
I  20
Û.
□1250LV
□ 1250LVNF
□ 1212
□ 1212/20%CA
E-glass CSMResin (bulk) Hemp UD 0° Hemp UD 90°
Reinforcement
Figure 6.15. Peak tensile strength of 1250LV NF resin and laminates compared with the coupling 
agent system
e  6 
2
ë  ^(5
I
4)
3
2 -I
I ’
□1250LV
□ 1250LVNF 
01212
□ 1212/20%CA
m
Resin (bulk) Hemp UD 0" Hemp UD 90"
Reinforcement
E-glass CSM
Figure 6.16. Tensile strain at failure of 1250LV NF resin and laminates compared with the
coupling agent system
Page I 135
Analysing the tensile results as a whole, it seems that the 1250LV NF system obtained superior 
tensile properties with the unidirectional hemp fabric compared with the 1212 laminate utilising 
20 WtVo of coupling agent.
6.3.3 Flexural Results
The flexural results of the Crestapol 1250LV NF and the standard 1250LV bulk resin samples and 
composites are presented in Figures 6.17 (flexural stiffness), 6.18 (peak flexural strength) and 6.19 
(strain at failure).
Modification of the 1250LV system (1250LV NF) has been shown to decrease the flexural 
stiffiiess, strength and strain to failure of the bulk resin by 16 % ,13 % and 17 % respectively when 
compared with the base 1250 LV bulk resin properties.
As the tensile properties observed no change in stiffiiess and an increase in strength and strain at 
failure, these lower than expected flexure results indicated that the compression properties could 
have been degraded by the modification.
When the 1250LV NF resin was used to laminate the unidirectional hemp fabric, there was no 
noticeable change for the flexural stiffiiess and a slight improvement (3 %) in strength for the 0° 
fibre direction compared with the 1250LV composite. The stiffiiess and strength for the 1250LV 
NF composite in the 0° fibre direction were identical to the stiffiiess and strength of the 1250LV 
composite.
For the 90° fibre orientation, the 1250LV NF composite had increased stiffness and strength of 4 % 
and 8 % respectively compared with the 1250LV composite. The stiffness and strength of 1250LV 
NF was greater than the stiffiiess and strength of the 1250LV composite. As expected, this 
modification to the 1250LV decreased the strain at failure of the composite for the two fibre 
orientations.
The 1250LV NF hemp composite showed similar stiffiiess and strengths for the 0° fibre direction 
and improved stiffness and strengths in the 90° fibre direction compared with the 1212 hemp 
laminate with 20 wt.Vo of coupling agent. These flexural results indicate that the 1250LV NF 
obtains superior composite flexural properties with the hemp fabric compared with the 1212 resin 
with 20 wt.Vo coupling agent.
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6.4 The Performance o f Hemp UD and E-glass CSM Composites with 
Bio-Based Resins
6.4.1 Introduction
Two development resins that have been formulated with bio-derived raw materials were 
mechanically tested to demonstrate the mechanical properties of such resin systems. This 
investigation was designed to show that the bio-based systems can offer similar mechanical 
properties of bulk resin samples and composites utilising solely petrochemical based resins. Owing 
to the shelf life of resin systems, the CSl resin was used to laminate the E-glass CSM but was 
unable to be used to laminate the UD hemp fabric as it had expired before this fabric was sourced, 
so only the CS2 resin was used here. As before, with the other investigations within this chapter, 
mechanical properties of both the resin system and the composites have been characterised. In 
addition, this section also presents information gathered from other previous studies (Section 5).
6.4.2 Tensile Results
The tensile results of the bulk resin samples and composites utilising the two bio-based resin 
systems (CSl and CS2) are presented in Figures 6.20 (Young’s modulus), 6.21 (peak tensile 
strength) and 6.22 (strain at failure).
The bulk resin samples of the two bio-based resins demonstrated tensile stiffiiess that was between 
the conventional UP and UMa resin systems (2.9 GPa for CSl and 3.2 GPa for CS2) with a tensile 
strength similar to the UMa resin (53 MPa). The tensile strain at failure of these bio-based resins 
was slightly above the unsaturated polyester, with a strain at failure of 2.5 %.
When these bio-based resins were used to laminate the E-glass CSM fabric, the CSl system 
demonstrated a tensile stiffiiess between the UP and UMa laminates (7.1 GPa) with the CS2 system 
showing a stiffness greater than the UMa (8.7 GPa) the tensile stiffiiess of the CS2 laminate was 
23 % greater than the CSl composite. Unfortunately, the tensile strength of these composites was 
lower compared with the two conventional resin composites. The CSl demonstrated a strength that 
was 5 % lower compared with the UP composite and the CS2 laminate exhibited a 21 % lower 
tensile strength compared with the UP composite.
The UD hemp fabric laminated with the CS2 resin demonstrated a tensile stiffiiess similar to the 
conventional systems, with a tensile strength between those of the UP and UMa resin composites 
when aligned to the 0° fibre orientation. In addition, the bio-based resin composite had the highest 
strain at failure compared with the other conventional bulk resin samples.
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With the fibres aligned in the 90° fibre orientation, the composite that utilised the CS2 resin 
demonstrated superior stiffness (16 %) and strength (4 %) compared with the laminate using the 
UMa resin. However, the elongation at failure of the CS composite was 48 % lower compared with 
the UMa composite.
Considering the tensile results alone, it was shown that the two bio-based resins offered similar 
tensile properties of bulk resin samples and composites compared with conventional resin systems.
6.4.3 Flexural Results
The flexural results of the bulk resin samples and composites utilising the two bio-based resin 
systems (CSl and CS2) are presented in Figures 6.23 (flexural stiffness), 6.24 (peak flexural 
strength) and 6.25 (strain at failure).
The bulk resin that had the highest flexural stif&iess was the CS2 bio-based resin (3.1 GPa). The 
next highest flexural stiffiiess bulk resin specimen was the other bio-based system, CSl. This 
meant that the two conventional resins had lower stiffness compared with the bio-based resins. The 
flexural strength and strain at failure were not reported as the equations to calculate the stress and 
strain were no longer valid (equations to calculate stress and strain are not valid at high strains).
When the bio-based resins were used to laminate the E-glass CSM fabric, the CS2 system achieved 
a flexural stiffness similar to the UMa system (10.1 GPa). The other bio-based system, CSl, 
demonstrated a flexural stiffness that was in-between the flexural stiffiiess of UMa and UP 
composites (8.6 GPa).
The E-glass CSM composites, laminated with the bio-based resins, demonstrated a flexural 
strength that was in-between the UMa and UP systems, with the CSl composite 15 % greater than 
the CS2 composite. The flexural strain at failure of these bio-based resin composites was 5 % 
(CSl) and 15 % (CS2) lower than the UMa composite.
When the unidirectional hemp fabric was laminated with the CS2 bio-based system, the flexural 
stiffiiess and strength of this composite in the 0° fibre orientation was 38 % and 13 % higher 
compared with the highest achieving conventional resin laminate. However, the flexural strain at 
failure of this bio-based composite was lower than the two conventional resin composites (4 % 
lower compared with UP composite).
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conventional resin systems
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The hemp composite laminated with the bio-based resin, CS2, also demonstrated superior stiffness 
and strength in the 90° fibre orientation compared with the conventional resin composites. The 
CS2 composite had a 45 % greater stiffness than the UP composite and 10 % greater strength than 
the UMa composite. As before with the 0° fibre orientated CS2 composite, the flexural strain at 
failure was lower than the two conventional resin composites for the 90° fibre orientation.
The flexural results have shown that the bio-based resins achieved comparable flexural properties 
for bulk resin samples and E-glass composites compared with the conventional resin systems. In 
addition, the CS2 resin also demonstrated superior flexural stiffness and strength for the hemp 
composite compared with the two conventional resin systems.
6.5 Concluding Remarks
The addition of the coupling agent to the resin system has been shown to increase the tensile 
stiffness and strength of the unidirectional hemp composite by as much as 32 % and 9 % 
respectively. These results have indicated an improved transfer capacity of the fibre-resin interface. 
However, as this modification is not REACH compliant, it is unlikely that this will ever be a 
commercially viable product. The reformulated resin system, which still retains the functional 
properties of the coupling agent, demonstrated either similar or in some cases better mechanical 
properties to the base resin system with the coupling agent as an addition. When the reformulated 
resin system was used to produce a laminate with a synthetic fibre, the resulting properties 
illustrated no detrimental effect on composite performance. This is important if the resin system is 
to be used to laminate a hybrid fabric (both synthetic and natural fibre -  Section 1.2,4). 
Optimisation of the composite system would mean that less composite material is required in order 
for a prospective composite to meet the stiffiiess criterion. Reducing material usage is seen as one 
method for improving the sustainability of composites.
Despite using bio-based monomers within the formulation of a resin system, the tensile and 
flexural results of composites laminated with these two resins (22 % and 40 % bio-derived content) 
demonstrated similar mechanical properties of composites with either natural or synthetic fibre 
reinforcements. As new technologies for ‘green’ chemistiy are developed over time, it is envisaged 
that there will be more bio-derived alternatives to petrochemical equivalents, allowing for 
increased bio-content within thermosetting resin systems.
One of the issues with solely discussing renewable content is that it does not indicate if this is a 
sustainable alternative. Knowing that a resin component is bio-derived is not sufficient. The 
materials and energy required to process it must also be taken into account. The only way to be
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sure that the bio-based resin is a more sustainable alternative to the standard petrochemical 
equivalent is to conduct an environmental life-cycle assessment on both types of resin system. 
Another factor to consider is the social impacts to such a modification. As many of the bio-based 
raw materials that could be used within a resin system are firom naturally grown oils, production of 
the natural oils could compete with food production. Even if there is a bio-based alternative to a 
petrochemical product, the substitution would also need to be economically favourable in order for 
it to compete with other materials.
It is envisaged that the ideal resin for natural fibre composites would be bio-based as well as being 
tailored to improve the interface strength. This is because the reason for using natural fibres is due 
to renewability (sustainability) concerns and so it would be logical that the resin system should 
also be from renewable (sustainable) sources. The resin system should also be tailored for natural 
fibres as there are significant composite performance gains possible through optimisation.
Having shown the potential of natural fibres produced with relatively little processing, the next 
chapter presents the results and discussion of viscose rayon (semi-processed) fibre reinforced 
composites.
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7. The Properties o f Semi-Processed Fibre (VR) Composites
7,1 Introduction
Despite the efforts to improve the mechanical properties of natural fibre composites through the 
use of a coupling agent, and subsequently a tailored resin system, the resulting properties were still 
lower than that of an E-glass composite. The difficulty in improving the performance of natural 
fibre composites is the inherent defects, commonly in the form of dislocations (Section 2.7.4), 
within the fibre’s structure. These can be mitigated to some degree by surface treatments 
(e.g. Zafeiropoulos and Baillie, 2007), but such treatments can never achieve the same results as 
10 pm E-glass, whilst at the same time increasing the cost of the fibre, and the environmental 
impacts from what can be harsh chemical processes.
The results from the studies into conventional resin systems (Section 5.6) determined that the 
fracture surface that natural fibre composites exhibited predominantly indicated fibre pull-out. This 
indicates a lower than optimum resin-fibre interface strength, and is consistent with the lower than 
expected composite performance. However, when a tailored resin system was used with the natural 
fibres, the fracture surface showed predominantly fibre breakage, signifying that the fibres were 
now the limiting factor to optimum mechanical properties. Published literature has demonstrated a 
correlation between decreasing dislocation content and improving mechanical properties 
(Section 2.7.4). This means that if it were possible to reduce the volume of dislocations within a 
natural fibre it would result in a composite material with superior mechanical properties.
A cellulose based fibre that has the requisite, low dislocation content is viscose rayon. This type of 
fibre is sourced from natural (renewable) feedstocks but does require intensive processing. Despite 
the cellulose structure of Cellulose II (regenerated fibres) having lower mechanical properties than 
Cellulose I (natural cellulose) (Section 2.7.2), the lack of dislocations in viscose rayon means this 
fibre does not exhibit the dramatic variations in mechanical properties seen with unprocessed 
natural fibres (Table 2.2). Another benefit of viscose rayon is that it is available in continuous 
filaments, allowing the use of untwisted yams for the manufacture of unidirectional composites. 
The requirement for twisted yams within unidirectional natural fibre composites has been shown to 
be detrimental, having a negative effect on the compressive element of a specimen in flexure 
(Section 5.3).
This chapter starts by comparing the mechanical properties of viscose rayon composites with those 
of the other composites presented previously. This is followed by work demonstrating the 
non-linear elastic properties of this viscose-rayon fibre reinforced polymer composite. The effects 
of a specifically developed, tailored resin system and the resulting composite performance are then
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presented. This is followed with the fracture properties of the viscose rayon composites with the 
various tailored systems.
7.2 The Properties o f Viscose Rayon Composites in Comparison with 
Other Composites Utilising Conventional Resin Systems
7.2.1 Introduction
To discover how the unidirectional viscose rayon composites perform compared with the other 
materials considered within the current work, a viscose rayon composite was tested in tension and 
in flexure. The cross-section of viscose rayon laminate was also examined and the residual 
moisture within the viscose rayon fibres determined. This section utilises previously presented data 
(Chapter 5) for comparative purposes.
The sole resin used to laminate the viscose rayon was the Crestapol 1212 urethane methacrylate 
resin system. The reason why only this resin system was selected for this composite was that it had 
the lowest viscosity and the highest tensile strain at break compared with the other resin systems. 
The rationale behind specifying these criteria was that a high fibre volume fraction requires a low 
viscosity resin for sufficient wetting of the fibres with low porosity, and these viscose rayon fibres 
have strains at failure of around 12 %. The laminating procedure used for the viscose rayon fibre 
was the standard vacuum assisted resin transfer moulding procedure described in Section 3.4.2.
7.2.2 Residual Moisture within the Viscose Rayon Fibre
As viscose rayon is a cellulosic fibre, it was expected that this fibre would adsorb moisture, in a
similar manner to natural fibres, when stored under laboratory conditions. Therefore, before any 
lamination of the viscose rayon fibre, a residual moisture experiment was conducted to validate the 
two hours of drying before lamination, as previously used for natural fibres, was sufficient. If 
drying was not completed before lamination, it was expected that a similar deterioration of 
properties would be seen if laminated with UP or UMa resins (observed previously in Section 5.8).
After 5 hours of drying at 105 ®C it was found that viscose rayon experienced a mass loss of 
around 11 %. The reformed cellulose fibre has a greater percentage of amorphous cellulose than 
ciystalline cellulose compared with the hemp natural fibre (Section 2.5.4). Since the amorphous 
cellulose contains a higher percentage of hydroxyl groups that are not bonded to other cellulosic 
chains, these hydroxyl groups are freely available to water absorption and so lead to 25% greater 
water absorption for the reformed fibre. Similar to the natural fibres, the rate of moisture loss 
within the viscose rayon fibre decreased significantly after the two hour mark and so it was 
determined that two hours of fibre drying would be sufficient for laminating purposes.
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7.2.3 Tensile Results
The tensile results from the viscose rayon composite in comparison with the other reinforcements 
can be seen in Figures 7,1 (Young’s modulus), 7.2 (peak tensile strength) and 7.3 (strain at 
failure). The stress-strain curves of the different composites and bulk resin sample utilising the 
urethane methacrylate resin system can be seen in Figure 7.4.
The tensile results show that the viscose rayon composite achieved a tensile stiffriess and strength 
that was 22 % and 230 %, respectively, greater than the unidirectional hemp composite. However, 
this was to be expected since it was posited that the viscose rayon composite had a greater fibre 
volume fraction than the unidirectional hemp composites.
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Figure 7.1. Young’s Modulus of VRAJMa UD composite in comparison with other composites
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Figure 7.2. Peak tensile strength of VR/UMa UD composite in comparison with other composites
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Figure 7.4. Stress-strain curves of urethane methacrylate bulk resin and composites
One surprising result was that the tensile strain at failure of this composite demonstrated only half 
of the strain at failure of single fibre tests with this fibre (Einsiedel, et al., 2010). As the tensile 
strain at failure of this composite was close to the strain at failure of the resin system, it raises a 
potential issue that the strain at failure of this resin is not high enough to match the requirements of 
the fibre. One possibility was that the resin could be initiating the failure (strain to failure of this 
resin is around 6.8 % - Figure 53), resulting in a non-optimum composite system. The 
stress-strain curve for the viscose rayon composite (Figure 7.4) has shown that that there was a 
high initial stiffness up to around 1% strain. After 1% strain the stiffness decreased but remained 
constant until fi*acture occurred.
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7.2.4 Tensile Stress-Strain Behaviour of Viscose Rayon Composites
Single fibre tension tests within the published literature have demonstrated that regenerated 
cellulose fibres exhibit non-linear elastic properties (Eichhom, et al., 2001b). Therefore, it was 
expected that the composite would show similar tensile stress-strain behaviour that was reported 
within the research of single fibre tests. To further explore this phenomenon, and its effect on the 
resulting composite mechanical properties, a cyclic tensile test was carried out (see Section 4.6). 
Three composite coupons were loaded to either 3 %, 4.5 % or 6 % strain, then subsequently 
unloaded, rested for 24 hours and then reloaded to fracture. The stress-strain graphs from the 3 %, 
4.5 % and 6 % initial strain loading can be seen in Figures 7.5 to 7.7 respectively. The strain 
recovery over time for all of the specimens can be seen in Figure 7.8.
When the specimens were loaded, there was a high initial stiffness (~13GPa) which then decreased 
to a lower stiffiiess (~3.3GPa) at a stress above 100 MPa. These lower stiffiiesses were relatively 
constant up to the limit of initial loading (3%, 4.5% or 6% strain). When the specimens were 
unloaded, there was a high stiffness which constantly decreased till the specimens were unloaded 
fully. The initial and final stiffiiesses were dependent on the pre-strain (14 GPa to 6.5 GPa for 3 % 
pre-strain and 16GPa to 3 GPa for 6 % pre-strain). During the rest phase, the strains decreased over 
time (-1.2% for each specimen), and were reasonably linear on a log plot (Figure 7.8), illustrating 
some form of recovery. When the specimens were reloaded, there was still an initial high stiffiiess, 
which was similar to the initial loading that also decreased to a lower stiffiiess at a stress above 
100 MPa. Depending on the amount of pre-straining, the reduced stiffiiess for each re-loaded 
specimen was such that the stress at the pre-strain limit was identical to the stress observed for the 
reloaded specimen at that same strain (3.8 GPa for 3 %, 4.7 GPa for 4.5 % and 5.5 GPa for 6 % 
pre-strained specimens). Once the specimens were loaded past the pre-strain limit, the stiffiiess 
decreased and was linear up to fracture. This observable difference between specimens indicates 
that the pre-strain created a different strain rate dependent/recovery component within the 
elastic-plastic behaviour shown by this fibre (Figure 2.5).
It seems that the stiffiiess of the elastic region was similar before and after pre-strain, independent 
of the amount of pre-strain applied. The stiffiiess within the non-elastic region was relatively linear 
before and after pre-strain. Once the re-loading strain had reached the initial pre-strain, the stiffiiess 
slightly decreased until failure. The amount of strain rate recovery was also independent on the 
pre-strain of the specimen. All of these observations validate the elastic-plastic diagram for this 
type of fibre, where there are elastic, plastic and a strain rate-recoveiy properties (as observed in 
Figure 2.5).
It is speculated that the reason why these properties are observed is that this type of fibre is 
paracrystalline (degree of polymerisation far lower than natural fibres) and that the crystals within
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the fibre are only loosely aligned to the fibre direction (Section 2.5.4). When a load was initially 
applied to the fibre, the amorphous phase is transferring load to the crystals and as a result a high 
initial stiffness is observed. Once a limit has reached, there was slippage in the amorphous phase 
and, as a result, the crystals started to become more aligned to the load direction. When the load 
was removed, there was a residual strain in the amorphous phase that caused strain recovery to be 
observed (crystals reverting back to their original orientation). As there was greater re-load 
stiffness for the highly pre-strained specimen (6 %) compared to the lightly strained specimen 
(3 %) this observation provides support for the hypothesis of crystal alignment.
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Figure 7.5. Stress-strain graph of VR composite coupon specimen loaded to 3 % strain^
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Figure 7.6. Stress-strain graph of VR composite coupon specimen loaded to 4.5 % strain
 ^Owing to a power failure, this specimen test was interrupted during the relaxation stage. As there were no 
more specimens to test, this specimen was allowed to recover over 15 days before it was completely re­
tested. As such, both of the initial loading and un-loading responses before and after power failure are 
presented to show the validity of re-test
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Figure 7.7. Stress-strain graph of VR composite coupon specimen loaded to 6 % strain
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Figure 7.8. Strain recovery for specimen 1, 2 and 3 (3 %, 4,5 % and 6 % strain) 
(zero load over 24 hours)
7.2.5 Flexure Results
Owing to the high flexure strains observed for the viscose rayon composite (beyond 5% strain), the 
strain at fracture result is not presented (flexural equations used to calculate the stress and strain 
assume small deflections). The flexural stiffness and peak flexural strength of the viscose rayon 
composite can be seen in Figures 7.9 and 7.10 respectively.
The flexural stiffness of the composite aligned to the longitudinal fibre direction was equal to the 
average flexural stiffness of the E-glass CSM composites (9.8 GPa). As previously presented with 
the tension test results of the viscose rayon composite, the stiffness was greater than the E-glass 
composites. This was expected due to the sandwich construction of the E-glass CSM fabric 
(Section 3.2.6).
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Figure 7.10. Peak flexural strength of VR/UMa UD composite in comparison with other 
composites
The peak flexure strength of the viscose rayon composite was 37 % greater than the E-glass 
composite strength (372 MPa). This strength difference was far lower than that observed for the 
tensile results. The reason for this lower flexure strength was likely due to the type of test. The 
large deformations required to induce failure make it difficult to be sure that the strength measured 
was calculated accurately, using the equations within the applicable standard (BS EN ISO 178, 
2003).
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7.2.6 Optical Microscopy of Viscose Rayon Composite Cross-Sections
As with the other materials considered in the present work, coupons of the viscose rayon 
composites were examined using optical microscopy (OM) to understand qualitatively the presence 
of typical features of composite materials such as porosity and actual fibre alignment post­
manufacture.
The micrographs in Figure 7.11 show part of the cross-section from the viscose rayon/UMa 
composite. As all of the fibres were aligned in the same direction and the tow was not twisted, the 
fibre volume fraction was expected to be higher than any of the previously examined composites: it 
was estimated through visual inspection that this composite had a fibre volume fraction of around 
0.5.
There was noticeable porosity within this laminate (Figure 7.11b). Even though the pores were, on 
average, approximately 200 pm in diameter, the length of the voids were several millimetres 
(parallel to fibre direction). This was due to compaction of the fibres during the lamination process.
From examining single fibres, the cross-sectional shapes were more similar to E-glass fibres than 
natural fibres (c.f. Figure 5.7). From examining individual fibres, it was determined that the shape 
was relatively circular with a diameter between 10 and 15 pm. It was possible to distinguish resin 
rich sections caused by a slight separation of the yams. This observation indicates that the fibre 
volume fraction could be increased for this composite by increasing the amount of fibre or by 
decreasing the cavity thickness of the infusion process (either smaller spacers or increased 
compaction force). However, the manufacturability decreases with increasing Vf.
Figure 7.11. Micrographs showing the cross-section of the viscose rayon composite with a) resin 
rich area between yams and b) visible porosity within the composite, illustrating a non optimum 
lamination method
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7.5 Investigation of Resin Systems for Viscose Rayon Composites
As the coupling agent improved the interface strength of unidirectional hemp composites 
(Section 6.2), an investigation was carried out to determine if the viscose rayon composites with 
the coupling agent also exhibited improved composite properties. Since the coupling agent had 
previously been shown to decrease the strain at failure of the resin, new resin blends needed to be 
created to match the high strain at failure of the viscose rayon fibres, in order to manufacture 
composites with optimum mechanical properties.
This section first presents the tensile testing of unreinforced resin blends with and without the 
additive. This is followed by the results from interlaminar shear strength (ILSS) tests with 
microscopy of post-tested composite cross-sections. The transverse flexure and longitudinal 
tension results of the viscose rayon composites are then presented. The normalised tensile data, 
determined by buoyancy calculations, are then shown (Section 4,10). This is followed by the 
results from double cantilever beam (DCB) testing to give insight into how the interface strength 
modifier alters the fracture toughness of the resulting composite.
Before the coupling agent was added to the resin systems, different ratios of bulk resin blends were 
tested in tension in order to find the ratio that provided the desired strain at failure. Previously, the 
20 wt.% proportion of coupling agent reduced the strain at failure of Crestapol 1212 by over half. 
As a result, the appropriate resin blend for modification with the coupling agent needed to have a 
strain at failure of around 20 %. The coupling agent would decrease this strain at failure to around 
10 %, similar to the strain at failure of the fibre.
As the neat UMa2 resin had a higher strain at failure than the UP2 (105 % vs 50 %), it was 
expected that a lower proportion of the UMa2 than the UP2 resin would be required within the 
resin blend to achieve the same strain extension (resins are discussed in Section 3.3). As a result, 
resin blend ratios of 80:20, 70:30, 60:40 and 50:50 were used for the 1212/UMa2 blend whilst 
40:60, 50:50 and 60:40 bends were utilised for the 1212/UP2 blend. Figure 7.12 and 7.13 shows 
the strength and strain at failure of tension tested 1212/UMa2 and 1212AJP2 blends as a function 
of proportion within the UMa blend. (The size of the data points reflects the standard error.)
From analysis of the tensile results it was determined that the 50:50 proportions were most suitable 
from both types of blends for use with the coupling agent (strain at failure of 15.7 % and 17.9 % 
for the 1212/UMa2 and 1212/UP2 blends respectively). Despite the higher strain at failure of the 
UMa2 resin compared to the UP2, it was unexpected that the 1212/UMa2 would have a lower 
strain at failure than the 1212/UP2. A possible explanation for this observation was differences in 
the underlying chemistry and cure mechanisms leading to distinct phases in the bulk structure
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(Chelliah, 2012). As expected, the peak tensile strength of the blend decreased with increasing 
proportion of either UMa2 or UP2 in the system.
Now that the 50:50 proportions had been selected, the coupling agent was added to these blends at 
lOwr.% and 20 wt.Vo. These resulting resins were then tested in tension to investigate how the 
mechanical properties change through addition of the coupling agent. Figure 7.14 shows the 
tensile strain at failure and peak strength for the blends with the coupling agent.
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and 1212/UP2 with the coupling agent
Before the addition of the coupling agent, the 1212/TJP2 blend had a higher strain at failure 
compared with the 1212/UMa2 blend. When there was 10 wt.% of coupling agent within the resin 
system, the strain at failure of the 1212AJP2 decreased by 38 % whereas the 1212/UMa2 decreased 
by a smaller amount (15 %). A plausible explanation was that the 1212AJMa2 blend was more 
compatible with the coupling agent than the 1212/UP2 blend when focusing on the bulk resin 
properties. This meant that the 1212/TJMa2 blend with 10 wt.Vo of coupling agent had the higher 
strain at break of 13 % compared with the 1212/TJP2 blend with 10 w .^% proportion of coupling 
agent (strain at break of 11 %). These tensile failure strains were close to the strain at break of the 
viscose rayon fibre (Table 2.2).
When there was 20 wt.% of coupling agent within the resin system, the strain at break for both 
resins decreased by 46 % and 44 % for the 1212/TJMa2 and 1212/UP2 blends, respectively, 
compared with the blends using 10 wA% of coupling agent. Through increasing proportions of 
coupling agent the tensile strength increased. With the 20 wt.% of coupling agent the peak tensile 
strength and strain at break of the resin blends was close to the mechanical properties of the base 
resin (1212).
Owing to the significant reduction in the tensile strain at break for a 20 wt.% proportion of 
coupling agent within the resin blends, only a 10 wt.% proportion of coupling agent was used for 
further study.
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As a result of this investigation, the resin systems that were used to laminate the viscose rayon 
fibre are shown below (laminated using the special infusion mould):
•  1212
• 50:50 1212/UMa2
• 50:50 1212/UP2
• 90:101212/CA
• 45:45:10 1212/UMa2/CA
• 45:45:10 1212/UP2/CA
To observe the effect of laminating un-dried fibre, a laminate with the base resin (1212) using un­
dried fibre was also manufactured.
7.4 Interlaminar Shear Strength o f Viscose Rayon Composites
The interlaminar shear strength of a composite is dependent on, among other factors, the interface 
strength for a unidirectional composite. As a result, it was expected that this test would 
demonstrate any improvements in the interface strength through the use of the coupling agent by 
an increase in interlaminar shear strength. The results from interlaminar shear strength testing of 
the viscose rayon composites can be seen in Figure 7.15.
Focusing solely on the composites with no coupling agent, the laminate with the 1212/UP2 blend 
had the lowest interlaminar shear strength, followed by the 1212/UMa2 laminate and the 1212 
laminate and then finally the un-dried 1212 laminate. It was expected that the un-dried 1212 
laminate would demonstrate the lowest interlaminar shear strength since the moisture would inhibit 
cure and as such detrimentally affected the load transfer properties between the matrix and fibre. A 
possible explanation for the higher than expected interlaminar shear strength of the un-dried 1212 
laminate was due to an increase in the fibre volume fraction as a result of a decrease in the 
laminate thickness. Table 7.1 shows the average thickness of the ILSS specimens. As the un-dried 
fibre laminate had the lowest specimen thickness, it would also have had the highest fibre volume 
fraction. These factors can affect the results gathered from the ILSS test.
When the resin systems were modified through the addition of the coupling agent, this has 
increased the interlaminar shear strength of the composite laminated with base resin by 11 % and 
the composite laminated with the 1212/ÜP2 blend by 28%. However, the addition of the coupling 
agent had no real effect on the ILSS strength of the composite with the 1212/UMa2 resin system.
This investigation has shown that the 1212/CA blend achieved the highest interlaminar shear 
strength followed by the standard 1212 laminate and 1212/UP2/CA with similar strengths.
Page 1156
O)c 
2 
in
II
CB
35
30
2 5
20
10
5
0
un-dried
1212
1212 1212/
UMa2/CA
1212/
UP2/CA
1212/UMa2 1212/UP2 1212/CA
Resin System
Figure 7.15. Interlaminar shear strength of viscose rayon composites utilising different resin 
systems
Table 7.1. Thickness of ILSS specimens
Composite Type Specimen Thickness (mm)
Un-dried 1212 3.1
1212 4.8
1212/UMa2 3.7
1212/UP2 3.3
1212/CA 3.7
1212/UMa2/CA 3.8
1212/UP2/CA 3.5
The microscopy of ILSS specimens was conducted in order to understand the potential failure 
characteristics. As there was a possibility for the mid-plane of these laminates to be resin rich due 
to insufficient compaction, analysing the cross-sections would show if failure occurred either 
within the matrix, at the resin-fibre interface or between the yams where there could have been a 
resin rich area. Before the ILSS specimens were examined, the surface properties of the un-dried 
fibre laminate were analysed. Figure 7.16 shows the surface characteristics of the un-dried fibre 
laminate. The observed porosity within the laminate could cause low transverse flexure strength 
due to stress concentrations near the surfaces. In addition, there was no defined surface observed 
between the laminate and mounting resin.
Figure 7.17a shows a defined surface between the laminate and mounting medium (1212/TJP2). 
This was a typical characteristic of the other laminates. This figure also shows the ILSS crack
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propagating across the mid-plane of the specimen. It was possible to observe individual fibres 
which had completely separated from the bulk during fracture. This relatively fiat fracture surface 
was a common characteristic of the non modified resin systems. When the coupling agent was 
added to the 1212AJP2 resin system, it was observed that the fi*acture surface still occurred around 
the mid-plane of the specimen but the fracture surface was not completely straight (Figure 7.17b) 
compared with the 1212/UP2 laminate (Figure 7.17a). Looking at the path of fracture through the 
1212/UP2 specimen, the fracture preferred to propagate across yams but for the laminate with the 
coupling agent added (1212/UP2/CA) the fracture occurred around the yams, in the resin rich 
areas. It was also possible to observe cracks propagating away from the ILSS crack within the 
specimen. These features were also observed with the 1212/CA laminate but not with the 
1212/UMa2/CA laminate. As a result of the greater roughness of the fracture surface it would seem 
likely that there is more energy absorbed during failure compared with the unmodified and 
1212/UMa2/CA. The greater resistance to fracture across sites of high fibre concentrations is likely 
to be a result of superior resin-fibre interface strength since fracture occurred near resin rich areas.
I 250  urn
Figure 7.16. Voids near surface of the un-dried fibre laminate
ILSS Fracture
Crack
Resin Rich 
Areas
D ef in i t iv e
Surface
Figure 7.17. ILSS fi’acture cross-section of a) 1212/UP2 laminate and b) 1212/UP2/CA laminate
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7.5 Transverse Flexure Results of Viscose Rayon Composites
Another procedure that was more likely to show improvements with the addition of the coupling 
agent was the transverse (3-point) flexure strength test. As the fibres were not aligned to the load 
direction, the interface strength would have had a major contribution to the overall composite 
strength. The results from the transverse flexure testing of the laminates can be seen in 
Figures 7.18 (flexural stiffiiess), 7.19 (peak flexural strength) and 7.20 (strain at failure).
Before the addition of the coupling agent, the 1212/UMa2 laminate had a 30 % higher stiffness and 
a 50 % higher strength compared with the 1212/UP2 laminate. However, the addition of the 
coupling agent to these resin systems was shown to decrease the flexural stiffness and strength of 
the 1212AJMa2 laminate but increase the flexural stiffiiess and strength of the 1212AJP2 laminate. 
The 1212/UMa2/CA laminate had 20 % lower stiffiiess and 21 % lower strength compared with 
the 1212/UMa2 laminate. The 1212/UP2/CA laminate had 50 % greater stiffness and 74 % greater 
strength compared to the 1212/UP2 laminate. As a result, 1212/UP2/CA laminate had a 45 % 
higher stiffness and a 40 % higher strength compared with the 1212AJMa2/CA laminate. Similar to 
the ILSS results, the 1212/UP2/CA laminate also had a higher stiffness (16 %) and a 14 % higher 
strength (14%) compared with the 1212/UMa2 laminate.
Despite the un-dried fibre composite achieving the lowest transverse flexure properties, the ILSS 
result for the un-dried composite was above the average. One possible explanation is that the 
composite had improved cure characteristics in the middle compared to the surfaces (the ILSS test 
creates a peak shear stress across the mid-plane whereas the flexure test has peak 
tensile/compressive stress at surfaces). This hypothesis was supported by the observation that the 
surface of the un-dried fibre laminate was irregular with inadequately laminated fibres (Figure 
7.21) compared with the other laminates.
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Figure 7.18. Transverse flexural stiffness of viscose rayon composites utilising different resin 
systems
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Figure 7.19. Transverse flexural strength of viscose rayon composites utilising different resin 
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Figure 7.20. Transverse flexural strain at failure of viscose rayon composites utilising different 
resin systems
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Figure 7.21. Surface characteristics of three different VR composites; top is from 1212/UP2, 
middle is from 1212, lower is from un-dried 1212
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These transverse flexure results indicate that the neat 1212 and 1212/UP2 blend were compatible 
with the coupling agent (increased mechanical properties) whereas the 1212/UMa2 blend was not 
compatible with the coupling agent (degraded mechanical properties) when used to laminate a 
composite. This observation of compatibility is opposite to what was observed with the bulk resin 
properties (Section 7.3).
7.6 Longitudinal Tensile Results o f Viscose Rayon Composites
7.6.1 Tensile Test Results
Having so far focused on the interface strength, it should be noted that it is possible for a 
composite to have too great an interface strength, such that it has a detrimental effect on other 
mechanical properties. It is therefore necessary to consider the mechanical properties of these 
composites as well. Results from tensile testing of these laminates are presented in Figures 7.22 
(Young’s modulus), 7.23 (peak tensile strength) and 7.24 (strain at failure). Comparisons within 
this section assume that the fibre volume fi*actions are equal for all laminates.
From looking firstly at the blended systems (with and without coupling agent), there was no 
significant effect on the composite tensile stiffness and strength. There was a slight reduction in the 
tensile strain at failure of the 1212/UP2 through the addition of the coupling agent but no 
noticeable change with the 1212/UMa2 system. This was not expected since the transverse flexure 
and ILSS results demonstrated differences when the coupling agent was used.
The 1212 laminate showed the lowest tensile stiffness, strength and strain at failure. This was 
surprising since the transverse flexure and ILSS results for this laminate were closer to average 
compared with the other systems. When the coupling agent was used (1212/CA) there was a 
notable increase in strain at failure. Previously it has been shown that the use of the coupling agent 
decreased the strain at failure of the hemp composite (Figure 6.9) and it was expected that this VR 
laminate would have a lower strain at failure. As these viscose rayon fibres were expected to have 
far lower defects/dislocations than the natural fibres, one possibility was that the load transfer 
capability had improved such that the composite was more resilient to fracture at lower stresses.
It was interesting that the un-dried fibre laminate with the 1212 resin achieved a higher than 
average tensile stiffness but a lower than average tensile strength. As the resin with un-dried hemp 
fibre had previously been shown to achieve poor composite properties, the higher moisture content 
of viscose rayon (compared with the other natural fibres) was expected to reduce the composite 
properties further. A possible explanation of this observed result was that the viscose rayon fibre is
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continuous in length with no defects, unlike natural fibres that are short and have dislocations. This 
meant that lower interface strength was not a concern using this test procedure with this type of 
fibre.
From the results presented, it can be seen that the 1212/UP2 blends (with and without coupling 
agent) achieved the highest stiffness and strength compared with the other composites utilising the 
different resin systems.
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Figure7,22. Young’s modulus of viscose rayon composites utilising different resin systems
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Figure 7.23. Tensile strength of viscose rayon composites utilising different resin systems
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Figure 7.24. Tensile strain at failure of viscose rayon composites utilising different resin systems
7.6.2 Normalisation of Tensile Data
As the results in Table 7.1 demonstrate, there were variations of laminate thickness across the 
different laminate configurations, this will have had an effect on the fibre volume fraction of those 
composites. As a result, the tensile results could have been distorted.
In order to calculate the fibre volume fractions, the Archimedes buoyancy calculation was utilised. 
The fibre volume fi-actions of the viscose rayon composites are presented in Table 7.2. Each 
specimen was examined with a lOx binocular microscope to ensure no porosity was present within 
the specimen.
Using the data from Table 7.2 it is possible to normalise the tensile results (presented in Figures 
7.22 and 7.23) with the true fibre volume fractions. Figures 7.25 and 7.26 present the normalised 
tensile stiffiiess and strength data: these have been normalised to a fibre volume fraction of 0.5.
Table 7.2. Fibre volume fraction of viscose rayon composites
Composite Type Fibre Volume Fraction
Un-dried 1212 0.56
1212 0.43
1212/UMa2 0.48
1212/UP2 0.54
1212/CA 0.46
1212/UMa2/CA 0.49
1212/UP2/CA 0.50
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Figure 7.26. Normalised tensile strength of viscose rayon composites utilising different resin 
systems (normalised to 0.5 Vf)
This normalised data shows that the un-dried fibre composite has the lowest stiffness and strength 
compared with the other composite systems. There were also no noticeable differences between the 
1212/XJMa2 and 1212/TJP2 composites. When the coupling agent was added to the base resin 
(1212/CA), there was a 12 % increase in tensile strength with no change in Young’s modulus. The 
addition of the coupling agent to the 1212/UMa2 led to a slight decrease in the tensile stiffness and 
strength, whereas the coupling agent added to the 1212/UP2 resulted in a slight increase in stiffness 
and strength. The composite that achieved the highest stiffness and strength was the composite 
with the 1212/UP2/CA resin system.
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7.6.3 Energy Required for Tensile Fracture of Viscose Rayon Composites
The results from the previous study (Section 7.2,4) have demonstrated that these viscose rayon 
composites exhibit non-linear elastic properties, with high initial stiffiiess then a relatively high 
elongation until fracture. As a result, there is a potential for these composites to have relatively 
high energy absorption until fracture (area under stress-strain curve).
Using the stress-strain data recorded for the tension testing of these composites (Section 7.6.1), the 
integration of the curve between the start (0 % strain) and failure allowed the energy absorption to 
be calculated for that specimen. To provide a comparison with these results, the energy absorption 
to fracture of composites with conventional reinforcements was calculated from the stiffness and 
break strain data presented in Table 2.6 (assuming linear elastic to failure). The reason for 
selecting epoxy composite systems for comparison was that they generally offer the highest 
composite performance for S-glass and carbon fibre systems compared to these fibres laminated 
with unsaturated polyester and vinyl ester systems (Daniel & Ishai, 2006). In addition, only full 
results for epoxy composite could be found or the IM7 carbon fibre.
The energy required for tensile fracture for the various composite systems is shown in Figure 7.27. 
It can be seen that the viscose rayon composite with the highest energy requirement for fracture 
(1212/UP2) was slightly greater than the E-glass/epoxy and carbon(AS4)/epoxy systems. However, 
this viscose rayon composite was still 30 % lower than the carbon(IM7)/epoxy composite.
As viscose rayon fibre is cellulosic, it has a lower density than the glass and carbon fibre. As the 
viscose rayon composites presented in Figure 7.27 were around 50 % fibre, it would mean that the 
specific properties (results are presented as a function of density) are comparable to other systems. 
Using the densities calculated in Section 7.6.2 and Table 2.2, the specific results of the data shown 
in Figure 7.27 can be seen in Figure 7.28.
As glass fibre has a higher density than the viscose rayon and carbon fibre, the specific energy 
absorption properties of these glass composites are now lower compared with the viscose rayon 
fibre composites. The best performing viscose rayon composite (1212/UP2) had 60 % higher 
specific energy for fracture than the E-glass/epoxy composite and 5 % higher than the 
S-glass/epoxy composite. As carbon fibre has a similar density to viscose rayon, the difference in 
specific energy for fracture had only reduced by 15 % for the 1212AJP2 composite compared with 
the carbon (IM7)/epoxy composite.
The data used for the carbon fibre laminates within this analysis are from laminates with higher 
fibre volume fractions compared with the viscose rayon composites (0.63 -  0.65 fibre volume 
fraction. Table 2.6). Using the fibre volume fractions of these viscose rayon composites
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(Section 7.6.2), it was possible to normalise the data presented in Figure 7.28: specific energy 
required for fracture, normalised to a fibre volume fraction of 0.5, is presented in Figure 7.29.
With the data normalised, the viscose rayon composites, excluding the standard 1212 laminate, 
achieved similar normalised specific energy required for fracture. These viscose rayon composites 
had similar normalised specific energy required for fracture compared with the S-glass/epoxy and 
the carbon (IM7)/epoxy composites.
As published literature of viscose rayon fibres have demonstrated that the energy absorption 
characteristics increase at higher strain rates (Section 2.7.8), it seems likely that if a higher strain 
rate was utilised (greater than the 1 % min'  ^ used within this study) the viscose rayon composites 
would have shown an even greater normalised energy required for fracture.
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Figure 7.27. Energy required for fracture of viscose rayon composites compared with synthetic 
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7.7 Fracture testing of Viscose Rayon Composites
7.7.1 Introduction
Another method used to determine if the interface strength had improved through the use of a 
coupling agent was the Double Cantilever Beam (DCB) test. This test procedure was used to find 
the Mode I fracture energy of the viscose rayon composites laminated with the different resin 
systems. Within this test a crack is propagated along the fibre direction. The weaker the fibre-resin 
interface the lower the initiation value of critical strain energy release rate, G, (assuming the 
interface is not so strong as to cause predominately fibre breakage). Conversely, there could be a 
chance that lower interface strength would cause greater propagation energy requirement owing to 
decreased fibre breakage.
During the test the compliance of each specimen was recorded at various crack lengths in order to 
perform a compliance calibration of the fracture data.
7.7.2 Test Procedure
Three specimens for each of the seven types of viscose rayon composites (outlined in Section 73) 
were tested using the DCB method. Once a spare specimen had been used to understand the 
displacements required to reach certain crack lengths (Section 4.9.5), each specimen’s fracture 
energy at specific crack lengths was calculated. An example of the load-displacement graph for a 
specimen can be seen in Figure 7.30. This figure shows the seven unload/re-load sections required 
for the calculation of the compliance calibration for that specimen.
Owing to the extent of the fibre bridging (as shown in Figure 7.31), the data for calibration was 
collected in a linear section just after the slack region of the re-load (calculated using the data 
points between 20 N to 45 N). The reason for the load exponentially increasing after this linear 
region was that bridging fibres were becoming strained. Figure 732 shows the typical data set for 
calculating the compliance for each crack length. From extrapolating the line of best fit to 0 N for 
each crack length, the slack was removed from the measured displacement in order to calculate the 
true displacement exhibited by the specimen.
In addition to the compliance, the true crack length was noted for each displacement (shown by 
vertical pen marks on the specimens in Figure 7.31). As a result, it was possible to calculate the 
variable n within equation 4.26. Figure 7.33 displays the log(Q/log(«) plot in order to calculate n. 
In many instances, the variable n was best fitted to a 2”‘* order polynomial rather than a linear 
regression. As the value of n is determined by the gradient of the curve, the result would be a 
function of crack length (log(a)). At long crack lengths, the value of n converged to 3 due to the
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bridging zone reaching its maximum length (steady state). At shorter crack lengths, the value of n 
was less than 3.
7.7.3 DCB Results
Since the specimens’ thickness was recorded prior to the test, all the variables required to calculate 
the critical strain energy release rate, G, (equation 4.25) for certain crack lengths of that material 
were now available. Within the data set of each composite type the line of best fit was applied to 
the critical strain energy release rates as a function of crack length. All of the lines of best fit for 
each composite type are shown in Figure 7.34. (Appendix 1 shows the individual curves of each 
specimen from every composite type.)
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Figure 7.30. Example load-displacement trace of the Mode I DCB test (1212 #1)
Figure 7.31.a) DCB specimen during cyclic testing b) demonstrating extensive fibre bridging
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Figure 7.33. Determining the variable n for a particular specimen (1212 #1) 
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7.7.4 DCB Analysis
In some instances, the crack propagated near the end of the specimen for the last displacement 
setting during the test. This caused a lower than expected critical strain energy release rate as the 
assumption of infinitely long beams was no longer applicable. Owing to this issue, any crack 
lengths greater than 0.175 m were omitted from the analysis. The critical strain energy release rate 
at a short crack length (0.035 m) and a long crack length (0.15 m) can be seen in Table 73.
At low crack lengths, around 0.025 m, the un-dried fibre laminate had a similar critical strain 
energy release rate (of approximately 140 J m'^) compared with the laminate using the standard 
dried fibre (1212). However, at a longer crack length (at 0.15 m) the Gic value of the un-dried fibre 
laminate was 40 % lower compared with the dried fibre laminate. In addition, the un-dried fibre 
laminate had the lowest Gic compared with all of the other composites at this long crack length. 
This observation highlighted the importance of diying the fibre before lamination.
When the UMa2 was blended with the base UMa resin (1212/UMa2), the critical strain energy 
release rate of the resulting composite was the same as the base resin at a short crack length 
(0.025 m). At a high crack length, around 0.15 m, the 1212AJMa2 had a 5 % higher value than 
the laminate with just the UMa resin (1212).
The 1212/UP2 blend composite had the lowest critical strain energy release at the short crack 
length compared with all of the other laminates. At the longer crack length (0.15 m), the G^ value 
is midway between the base resin laminate (1212) and the un-dried fibre laminate.
Table 73. Critical strain energy release rate, G/c, of viscose rayon composites at short and long 
crack lengths
Laminate Type Crack length of 0.035 m (J m^)
Crack length of 
0.15 m (J m^)
Un-dired 1212 240 1500
1212 285 2450
1212/UMa2 295 2575
1212/UP2 70 1900
1212/CA 290 2650
1212/UMa2/CA 180 2650
1212/UP2/CA 165 2175
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When the coupling agent was added to the UMa resin (1212/CA), the critical strain energy release 
rate increased by 35 % at the low crack length (0.025 m) compared with the base resin laminate 
(1212). Interestingly, when the crack length was 0.075 m, the value was 17 % lower than the 
UMa laminate. The critical strain energy release rates were then equal again at 0.125 m, but then at 
0.15 m the critical strain energy release rate of the 1212/CA composite was 10 % higher than the 
1212 laminate.
When the coupling agent was added to the two resin blends, the critical strain energy release rate of 
the 1212/UP2/CA laminate was greater than the 1212/UP2 laminate whereas the 1212/UMa2/CA 
laminate showed a lower value than 1212/UMa2 at small crack lengths (around 0.025 m). This 
observation was similar to the earlier ILSS comparisons (Section 7.4). Both of these blended resins 
with the coupling agent showed the lowest difference in critical strain energy release rate at 
0.075 m compared with the normal blends. In addition, at a long crack length (around 0.15 m) the 
critical strain energy release rate was 4 % higher for the 1212/UMa2/CA composite and 25 % 
higher for the 1212/UP2/CA composite compared with the unmodified blend laminates.
At the short crack length (0.025 m), the hierarchy of laminates follows the comparisons made with 
the ILSS results (Section 7.4). When the crack length increased, it was observed that the coupling 
agent caused a slight reduction in critical strain ener^  release rate at medium crack lengths 
(0.075 m) but then greatly increased towards longer crack lengths.
As there was such a high degree of fibre bridging, the steady state Gic was not reached in any of the 
specimens. Longer specimens (bigger than could be produced with the infusion mould) would be 
required to observe the crack length when the ‘steady state’ was achieved (when Gic reaches the 
maximum and becomes a constant at longer crack lengths). From extrapolating the results 
presented, the bulk resin samples that utilise the coupling agent would seem to have had a higher 
steady state critical strain energy release rate compared with the non modified systems.
7.8 Concluding Remarks
One of the benefits of using viscose rayon fibre instead of natural fibres is the higher composite 
stiffiiess and strengths despite viscose rayon having a lower fibre stiffness and strength compared 
with the hemp fibres. The reason for the potential of higher fibre volume fractions is due to the 
uniformity of the fibre inter and intra cross-section, which is also true of the continuous yam. That 
the yam is in fact continuous represents another advantage of this type of fibre. This means that the 
fibre has the potential to produce composite laminates with higher fibre volume fi'actions and can 
easily be adopted into current fibre processes that utilise continuous synthetic fibres.
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The potential drawback of this fibre is the high resource and energy intensive processing 
requirements compared with natural fibres. This could mean that such fibres are worse than 
unprocessed natural fibres, having, potentially, a similar environmental burden to conventional 
synthetic fibres, once a life cycle study has been completed. If that is the case, the argument for 
using this type of fibre is severely reduced.
The non-linear elastic and high energy absorption for fracture characteristics of viscose rayon 
composites are certainly intriguing. Even though the ultimate tensile stiffness and strength of 
viscose rayon composites are lower than fully synthetic fibre equivalents, the high strain to failure 
as well as low fibre density mean that the specific energy required for fracture are equal to high 
performance synthetic fibre equivalents (S-glass/epoxy and carbon (IM7)/epoxy). This type of 
material would be veiy useful when weight and energy absorption are critical factors, such as 
vehicle bumpers. Viscose rayon composites have also demonstrated what could be perceived to be 
recoverable plastic deformation. With the previous example of a car bumper, it would mean that a 
minor deformation would be recoverable over time.
One of the drawbacks of this type of viscose rayon (Cordenka 700) within this study is the low 
stiffness and strength relative to synthetic and natural fibres. However, there are other types of 
viscose rayon with higher fibre stiffness and strengths, such as the liquid crystal semi-synthetic 
fibre (Section 2.5.6). This would mean that it is potentially possible to select a ‘High Modulus’ and 
‘High Strength’ or ‘High Strain at Break and Energy Absorption’ regenerated cellulose fibre, 
depending on the intended application of the resulting composite.
The results for blended resins (with and without coupling agent) suggest that it would be possible 
to develop a resin system specifically tailored to viscose rayon, similar to the one developed for 
natural fibres (the coupling agent is not REACH compliant so reformulation is necessary for a 
commercial product). In addition, this tailored resin system could also be bio-based. This means 
that it would be possible to have a high performance, fully renewable composite material. Once 
high performance, fully renewable composites are manufactured they would need to be 
benchmarked by an LCA study to discover if this type of composite is a more sustainable option.
The next chapter will detail a standalone Life Cycle Assessment into the resin manufacture of 
Crestapol 1212 (the main recurrent resin within this study) at Scott Bader’s production site in 
Wollaston, Northamptonshire.
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8. An Environmental Life Cycle Assessment for Resin Manufacture 
at Scott Bader
8.1 Introduction
In recent times, there has become a greater awareness of humanity’s influence on the world. Owing 
to factors such as the ever-growing global population, the extraction and use of materials has been 
constantly increasing. As there is, in many cases, a finite supply for many of these materials, their 
continued consumption will be curtailed at some point in the future.
This ever-increasing demand has meant that certain elements are already becoming scarce. This 
can be clearly seen in the increasing price of commodities over recent decades (Cavalcanti, et al., 
2012). As certain resources are in high demand, such as oil and rare earth elements, values are 
prone to short term volatility (Scott, 2011; Williams, 2011). In many cases this is due to political 
and social instability from the few countries that produce these highly demanded elements (Galani 
& Holding, 2011).
Whatever the component to be manufactured, it will require the consumption of raw materials and 
the release of emissions. Such components will then continue to consume resources (e.g. electricity 
during the use phase) until the end of the service life when the component may be considered 
waste. This means that a component has an environmental and economic consequence throughout 
its life. Due to issues arising from population growth and the worldwide demand for improved 
standards of living, manufacture and use of composite materials will need to be sustainable both 
environmentally and economically.
The polymer matrix composite materials sector in particular has seen a surge in growth over the 
last few decades (Mazumdar, 2005). The polymer matrix of such composites is normally derived 
from petrochemicals, whilst the synthetic fibre, commonly glass or carbon, requires a significant 
input of energy during manufacture. As the prices of raw materials for resin are heavily dependent 
on petrochemical price fluctuations, there has been a greater focus on deriving these resins from 
bio-based sources. Even though some types of synthetic fibre are not derived fi*om petrochemicals, 
the energy used in the manufacturing process could ultimately be derived from fossil fuel.
Resin manufacturers have also been focusing on social and environmental factors during the 
manufacture and processing required for their resin systems. This is normally in the form of a 
‘Sustainability Agenda’ (Huntsman, 2009; Carson, 2010). However, the term sustainability has 
different meanings, depending on the context in which it is used.
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Scott Bader, understanding the need for corporate responsibility for environmental impacts, wants 
to improve its environmental performance and credentials. As there have been no previous 
environmental investigations at Scott Bader, the company did not have any previous indications as 
to where the focus of its efforts in improving environmental performance should be targeted.
Scott Bader manufactures a variety of speciality polymers for the composites industry. These 
polymers are a mixture of various components, the majority of which are petrochemically based. 
The main European manufacturing site is located at Wollaston, Northamptonshire in addition to 
smaller manufacturing operations in other countries worldwide. In 2008 the company produced 
22,000 tons of products, the majority of which were the thermosetting resin systems used to 
laminate fibres during the composite manufacturing process (Scott Bader Company Presentation, 
2009). In 2010, Scott Bader used 7.0 GWh of electricity and 28.0 GWh of gas. This equated to a 
combined energy bill of £1.4M (ex. VAT; Scott Bader internal Report, 2011). Hence, an 
environmental LCA study at Scott Bader would allow hotspot analysis to be conducted to find 
where it should focus its efforts towards improvements in environmental performance. As Scott 
Bader has a wide product range, the company wanted initially to focus the study on one product. 
The LCA would also act as a learning exercise as to how future LCAs should be conducted.
This chapter examines the concept of sustainability in the context of the resin manufacturer: it is a 
stand-alone chapter, including a specific literature review. This is followed by the presentation of 
an environmental life cycle model developed for the manufacture of a particular resin at Scott 
Bader. This model enables the identification of the main environmental impacts, and their origins, 
of the manufacture of the resin. This chapter finishes with a concluding remarks section that 
outlines the future actions of the resin manufacturer as a consequence of the results from this study.
Owing to the commercially sensitive nature of the data used within this study, some of the 
particular chemical names or masses have been omitted from the report to enable the analysis to be 
publicly available.
8.2 Sustainability
Sustainability can have a number of different meanings depending on the context in which it is 
used. The following examples give an overview of the disparity between the different context uses 
of the term.
Page 1175
The Oxford Dictionary defines sustainability as:
able to be maintained at a certain rate or level
conserving an ecological balance by avoiding depletion of natural resources
Oxford University Press, 2012
Within this context, the first part of the definition would mean that a component is sustainable if it 
can be used in future years. The clarifying sentence solely relates to the avoidance of depletion of 
natural resources. Therefore, if a natural resource is renewable it is also sustainable under this 
definition. However, this definition pertains to the use phase of a component. One key omission 
from this definition is that the manufacture can have significant impacts that put pressure on the 
natural environment and may cause irreversible change. In addition, it does not stipulate the rate or 
time span in which a material is replenished after being consumed.
Moving closer to industry’s interest, the Chemistry Innovation Knowledge Transfer Network 
defines ‘sustainable design’ as:
...designing a product or service or business model to reduce the overall economic impact, 
whilst maintaining or improving environmental, technical and social performance. 
Something that respects the three elements of the triple bottom-line; profits, planet and 
people.
Miller, 2011, p. 1
A slightly different definition of sustainability with regards to the chemical industry is presented in 
the CEFIC (Conseil Européen des Fédérations de l ’Industrie Chimique; original name of European 
Chemistry Industry Council) report. It states that the OECD defines ‘sustainable chemistry’ as:
“...the design, manufacture and use of efficient, effective, safe and more environmentally 
benign chemical products and processes. Within the broad framework of sustainable 
development, government, academia and industry should strive to maximise resource 
efficiency through activities such as energy and non-renewable resource conservation, risk 
minimisation, pollution prevention, minimisation of waste at all stages of the product life­
cycle, and the development of products that are durable and can be re-used and recycled.”
CEFIC, 2012, p. 6
The CEFIC report goes on to list their ‘Key Performance Indicators’ (KPI) as planet, people and 
profit (themes for indicators). As the CEFIC report was created by the chemical industry for 
consumers, it lists the planet and people before profit, demonstrating a caring industry. Although, 
the reality is that a business can only sensibly exist if it is economically viable. Fortunately, in 
many instances these themes can be mutually reinforcing. For example, saving energy or focusing 
on reducing carbon emissions actually enhances profitability.
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From collating existing definitions of sustainability it would seem that the three focus points are 
people (the effect on health and society), the wider environment (plants and animals), and 
maintaining cost effectiveness (providing growth to society and the wider economy). It is possible 
to directly calculate these three themes for indicators for any goods or services through the use of 
an environmental Life Cycle Assessment (LCA). Only through analysing the results fi*om an LCA 
can it be assured that goods or services are truly sustainable.
In recent times industiy has been addressing the issue of sustainability, not only as a pro-active 
stance but also with a view to future legislation. One such example of legislation is the 
Registration, Evaluation, Authorisation and Restriction of Chemicals legislation -  REACH 
(European Commission, 2006).
Within the materials academic community, there is sometimes confusion between the terms 
renewable and sustainable. This misunderstanding was highlighted at the 15* European Conference 
on Composite Materials (Venice, Italy 2012). Within the ‘Sustainability’ session, all of the papers 
presented bio-based (renewable) systems without employing any methods to confirm sustainability 
(ECCM, 2012). A switch fi*om a petrochemical based resin system to bio-based system or synthetic 
fibre to natural fibre does not necessarily imply a more sustainable material (Summerscales, 2011).
Environmental life cycle assessment has been specifically developed to provide a comprehensive 
view of the environmental impacts of products, processes and services along their entire life cycle 
from resource extraction, materials processing, product manufacture to ultimate re-use/recycle or 
disposal. Both resource consumption as well as impacts associated with emissions are considered. 
This extended systems approach to considering processes and products thus provides a more 
defensible approach to assessing whether a modified system is more environmentally sustainable 
compared to a standard system. Environmental life cycle assessment is presented and discussed in 
more detail in the next section.
8 3  Environmental Life Cycle Assessment
8.3.1 Introduction
An ‘cradle-to-grave’ environmental life cycle assessment (LCA) accounts for the inputs (materials 
and energy) and outputs across all stages of a product (or service) from raw material extraction 
(cradle) to waste management (grave) (Figure 8.1). It is from this analysis that the environmental 
impact of that product (or service) can be assessed comprehensively. LCA has become the central 
concept for both environmental management within industry and governmental environmental
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policy making (Baumann and Tillman, 2004). The international standards that cover LCAs are BS 
EN ISO 14040 (2006) and BS EN ISO 14044 (2006).
The framework of the LCA has been written such that it can be applied to any goods or service. 
Owing to the complexity of many goods and services, in order to encompass the breadth of the 
system, a study will need to make a number of simplifications:
• system boundaries are applied to a study to limit the amount of data collected;
• generic data for supporting processes are used; and
• representation of the process based upon average performance.
The inputs and outputs of the system are generalised (grouped) into various impacts of interest. It 
should be noted that these will be impact potentials, not the real impacts that will be experienced 
(Baumann and Tillman, 2004). This is done so that it is possible to identify the impacts of greatest 
concern (hotspot analysis). A ‘hotspot’ will indicate where the greatest focus should be in 
improving the sustainability of a product or service.
The LCA can be subdivided into foreground and background systems. The foreground consists of 
processes that can be affected as a result of decisions based upon the study. The background 
consists of all of the other processes within the study.
INPUTS
Materials and Energy
CRADLE
Extraction
OUTPUTSUSE
Maintain Waste
GRAVE
Disposal
Figure 8.1. Simplified life cycle for a product or service
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The LCA will focus on a fiinctional unit; this can either be defined as a mass of product but could 
also be a unit of service. This is done so that the impacts from a particular study can be compared 
with other products and services.
If the functional unit is appropriately assigned (in addition to appropriate simplifications), it 
allows the results fi*om the whole LCA process (inputs and outputs) to be implemented into other 
LCA studies. As a result, a complex LCA can be created through the modular addition of multiple 
LCAs. When a sub-component is updated, the relatively complex LCA can be updated with 
relative ease.
When a product of interest has potentially unlimited uses, it is a feedstock for many other products 
further down the supply chain: under these circumstances the LCA is often conducted only up until 
the end of manufacture for the original product (in the form which it is sold to another customer). 
This is called a ‘cradle to gate’ study. To assist in the development of full cradle to grave LCA, a 
number of cradle to gate studies have been done internationally and have been collated into 
databases. Examples of the databases fi*om which information can be used to construct a fiill LCA 
are Ecoinvent and Plastics Europe (Ecoinvent, 2012; Plastics Europe, 2012).
To assist in the construction and data management of an LCA, various software based computer 
programmes are available. One such package, which is utilised within this study, is GaBi. This 
software package is able to input processes from databases, as previously discussed, as well as 
complete the impact assessment.
8.3.2 The LCA Process
The LCA describes the particular systematic process for how a study is to be conducted and how 
the results are to be interpreted. The various procedural stages of the LCA can be seen in Figure 
8.2.
The first stage of an LCA is the goal and scope definition. This will identify the outcome of the 
study and purposes of the study are confirmed. The relevant LCA standard (BS EN ISO 14040: 
2006) stipulates that the goal definition should state:
• the intended application,
• the reasons for carrying out the study,
• the intended audience,
• If the results are intended for comparative assertions and disclosure to the public.
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interpretationT i : InventoryAnalysis
%
n
Impact A ssessm ent
Classification 
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Weighting
Types of Information 
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I n p u t s  a n d  O u tp u t s ,  
e .g .  M J  f o s s i l  e n e r g y ,  
gS02, g A/Ox.
Potential Envlronm&ital 
Impact, e.g.
Resource Depletion 
Global Warming Potential 
AcidiTication Potential...
FinalAssessmert
e.g. One-DimenshnalIndex
Figure 8.2. The LCA procedure (Baumann and Tillman, 2004, p. 20)
The LCA standard in question also stipulates what should be included in the scope of the study. 
These are:
the product (system) to be studied, 
the functions of the product (system), 
the functional unit, 
the system boundary,
LCA methodology and types of impacts, 
data requirements (including initial data quality requirements), 
assumptions, 
limitations,
type of critical review, 
type and format of the report.
The first two and last two items on the scope list are relatively self-explanatory. A brief definition 
of the other items will now be presented.
The functional unit of an LCA study is the quantifiable unit for which the results will be generated. 
This is usually done to focus on the function provided by the system and is done to make different 
product systems comparable. For example, when comparing the use of glass versus plastic 
containers, this could be the mass of glass/plastic per serving (e.g. 250 ml orange juice) or, for light 
bulbs (which may have different lifetimes), a fixed number of hours of lighting of a particular
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quality provided, (Tesco, 2009). The system boundary describes which processes are included, as 
well as the reasoning behind those decisions. For example, the first key decision is cradle-to-grave 
versus cradle-to-gate. Furthermore, some materials may only be used in such small quantities that 
their inclusion/exclusion does not make a material difference to the results and the additional effort 
to collect the information is not merited. (Note that certain “cut-off rules” have been established to 
assist in selecting system boundaries -  see Guinée, 2002) The LCA methodology and types of 
impact describe which impact categories, category indicators and characterisation models are to be 
used within the LCA study. A distinction is made between what are described as mid-point and 
end-point indicators. Mid-point indicators are associated with some measurable point along the 
cause-effect chain e.g. radiative forcing of gases that contribute to climate change measured in 
terms of global warming potential, while the end-point indicator for this may be the damage to 
ecosystems that this ultimately results in (measured in terms of potentially affected fraction of 
species). The data requirements item states where the data is gathered (internal or other sources) 
and what the data set contains. In some instances data cannot be feasibly obtained/gathered 
meaning that sometimes assumptions are used to fill in gaps in knowledge; these assumptions are 
recorded. Sometimes, due to complexity, limitations (e.g. limited time duration or only data from 
public sources) are imposed on the study; these limitations are also recorded.
Once the goal and scope are defined, the next stage is inventory analysis. Inventory analysis is 
where a system model is constructed to reflect the goal and scope of the study. It is effectively a 
mass and energy balance over all processes from cradle-to-gate/grave. Within this model there 
should be (according to BS EN ISO 14044,2006):
• flow diagram(s) which shows how all of the processes are cormected,
• descriptions of how each process influences the inputs and outputs,
• a list of flows and operating parameters for each unit process,
• a list that specifies the units (kg, °C etc.),
• descriptions of data collection and calculations.
The inputs and outputs within a model are generally grouped to assist in classification (i.e. linking 
these to the particular impacts to which they give rise). These inputs and outputs typically include 
energy input, raw material input, products, emissions to air/water, solid waste generation and other 
environmental aspects (e.g. noise).
Once the data has been collected, validation of the data should be conducted to ensure that it meets 
the quality required of the intended application. An example of validation is checking for mass 
balance closure based on the input and output information collected. Mass balance closure is where 
the sum of the inputs correctly equals the outputs taking into account the physical and chemical 
transformations that occur in the process.
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Once the results of the inventory analysis are collated, these are then converted into 
environmentally relevant information. This process is called impact assessment. The first step of an 
impact assessment is to group inventory parameters according to the type of environmental impact 
(classification). Within these groupings, the next step is to determine the relative contributions of 
the emissions and resource consumptions to each type of environmental impact (characterisation). 
Some of the commonly known impacts that are widely discussed are global warming potential and 
acidification potential. Figure 8.3 presents the phases of Impact Assessment.
Within an LCA it is possible to aggregate the different impacts into a one-dimensional index. This 
is done by assigning a particular weighting on an impact, relative to the other impacts, and doing a 
simple additive weighting. The magnitude of the weighting could be through popular consensus 
(Baumann and Tillman, 2004). For example, the ‘Green Guide to Composites’ has Climate Change 
weighted at 38 % with Eutrophication and Ecotoxicity rated at 4.3 % and 4.0 % respectively 
(Anderson, et al, 2004). However, this step can be controversial due to the very different aspects 
of the environmental impacts (Ministry of Housing, Spatial Planning and the Environment, 2000) 
and the fact that weights ought not to be elicited in absence of information on the relative trade-off 
between impacts being implied by the particular aggregation (Seppala et al., 2001). This is why the 
BS EN ISO 14044 stipulates that data prior to weighting (i.e. impact in terms of the individual 
impact indicators) should remain available and that weighting should not be done for comparative 
assertions disclosed to the public.
The emissions in a study are then considered in relation to these environmental impact 
classifications. The impacts are estimated relative to a particular reference compound. For 
example, the global warming potential (GWP) reference gas is CO2 and is graded as having a 
global warming potential of 1. Methane and nitrous oxide then both have a GWP (100 years) of 25 
and 298 respectively (Solomon, et al., 2007).
Once the data is collated, it is possible to normalise against data sets (such as CML 2001from 
Leiden University in the Netherlands). This will show which classifications are of greatest concern 
(hotspot analysis), indicating which classifications should be focused upon.
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Figure 83. Stages of Impact Assessment
A follow-up stage of the LCA procedure is to conduct a sensitivity analysis. When exclusions are 
applied to the model on the grounds of, for example, insignificance, the sensitivity analysis process 
includes them in the calculation to confirm that they are insignificant. Sensitivity analysis can also 
be used when the process has slightly changed (been updated) in order to ascertain if the effect of 
this change is significant (to make a decision as to whether the LCA needs to be re-commissioned 
or continue to use results). Sensitivity is useful for ensuring the credibility of the results and 
subsequent conclusions.
8.3.3 Applications of LCA
One of the strengths of the LCA is that it studies the whole product system. This means that the 
study should acknowledge all aspects of the product, whether it is included within the model or 
noted within the exclusions. Another strength of the LCA is that it is related to the fiinction that a 
product provides. This means that it can be more readily be compared with alternatives that 
provide the same function whilst remaining quantifiable (Baumann and Tillman, 2004).
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LCAs can be an incredibly useful decision-making tool within industiy. Conducting the LCA in 
conjunction with traditional product design and development can assist in making environmentally 
informed decisions that could have positive environmental as well as cost implications (Haapala, et 
al., 2008). LCA can also add another dimension to purchasing decisions. For example, two 
products of similar cost can be selected based upon their environmental life cycle.
The LCA can also be used to identify improvement possibilities within a pre-existing system. 
Through conducting an LCA of a system, it is possible to identify which factors have the highest 
environmental impacts (hotspot analysis). For example, a study has found that the majority (49 %) 
of a supermarket building’s CO2 emissions are through lighting (Target Zero, 2011). The next 
highest impact was ‘small power’ for appliances (21 %).
The results from an LCA can also be used to communicate a company’s commitment to improving 
environmental impact of their products. One of the available systems to communicate LCA results 
is formal Carbon Footprinting (Carbon Trust, 2012). It is worth noting that a Carbon Footprint is 
merely an LCA focussing on one impact indicator, namely global warming potential, only. 
However, the various approaches to carbon footprinting have typically added in additional 
simplifications to streamline the process (e.g. a focus on carbon dioxide emissions (i.e not other 
gases that contribute to global warming) only, or consideration only of energy and not all material 
inputs etc.).
8.3.4 Challenges When Conducting a LCA
In addition to the positives listed previously for LCA there are also several challenges when using 
this type of methodology. Some of these challenges are listed below (Hendrickson, et al, 2006):
• setting of the system boundaries can greatly affect the results,
• LCAs can be time intensive and costly to conduct with any accuracy; and
• unavailable or inaccurate data can affect results and resulting interpretation.
The above suggests, among others, that where the results are to be used to make decisions with 
significant (financial) implications that proper sensitivity analysis is essential and that expert input 
may be valuable when doing LCAs under time constraints.
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8.4 Life Cycle Methodology o f Other Resin Systems
8.4.1 Introduction
As with any piece of research, before developing a model for the resin manufacture at Scott Bader 
it was essential to discover how others have developed models for batch based resin manufacture. 
This was done to assist in the understanding of which approaches have worked, or could be 
improved upon, for the creation of the model developed for the Scott Bader resin.
8.4.2 Manufacture of an Epoxy Resin
LCA for the manufacture of an epoxy resin through two different manufacturing routes has been 
done (Koci and Loubal, 2012). The company that commissioned this study was Spolchemie® 
(Vleugels and Loubal, 2010). This study was conducted in order to find which manufacturing 
method had the lowest environmental impact and for developing a carbon footprint for each 
system.
The systems modelled were batch based: each stage of the manufacture had a single ‘process’ and 
the functional unit was 1000 kg of resin. This model includes the upstream processing of the raw 
materials (extraction, refinement etc.) and production of auxiliary products. Any on-site 
post-treatment of waste products was included within this study, but it does not include any 
cleaning of the reactor or packaging. Any other downstream processes were considered not 
relevant for the EPD (Environmental Product Declaration) which is typically a cradle-to-gate study 
that is provided to enable users of the product to conduct a full cradle-to-grave LCA. The CML 
2001 impact assessment methodology was used and results were normalised against the CML 2001 
total amount for European Union in order to determine which of the impact categories were of 
greatest environmental concern.
The foreground system within this model (i.e. that which was examined in detail using primary 
data collected about the specific process) was the manufacturing stages as well as any processes 
linked from an in-direct output from a stage processed into an input to another stage. The 
exclusions were packaging and transportation to consumers.
This study has determined that for glycerin liquid epoxy resin production, abiotic depletion had the 
greatest normalised environmental impact, followed by terrestrial ecotoxity potential and then 
acidification potential. For the propylene based liquid epoxy resin, abiotic depletion also 
demonstrated the greatest normalised impact but now acidification potential was the next 
significant impact, followed by global warming potential. When the two manufacturing processes 
were compared, the glycerin based resin production expressed lower environmental impact. This
Page 1185
result demonstrates that a slight change the monomers can significantly affect the impact 
categories.
8.4.3 Manufacture of an Unsaturated Polyester Resin
Perhaps more relevant to the current study, is an LCA of the manufacture of an unsaturated 
polyester resin system (Hischier, 2007). The authors of the study have created a model of the 
manufacturing process from that detailed in Kramer (1992). The model includes the raw materials, 
auxiliaries, infi-astructure and land use, transportation and waste (incomplete conversion of 
process). The data for the raw material inputs for this model were sourced using the European 
average. In order to calculate water usage, the average water usage for the plant per kg of product 
was selected. This assessment assumed that the manufacturing plant had a 50 year life span. The 
functional unit within this study was 1 kg of resin.
Upon further inspection of the inputs by this author, it was ascertained that this system does not 
include a cross-linking agent (such as styrene). The formulation presented is solely for the polymer 
backbone (base resin). A commercial unsaturated polyester resin system commonly has between 
20 to 40 % styrene content. This suggests that the study does not reflect the full scope and hence 
impact of the unsaturated polyester resin considered.
This environmental assessment for the UP resin does not include cleaning and packaging.
8.4.4 Manufacture of a Phenolic Resin
An LCA study had been commissioned to understand the environmental impacts of phenolic resin 
for the manufacture of wood ‘composites’ such as medium density fibreboard and orientated strand 
board (Wilson, 2010). The model created for the LCA was a cradle-gate (on-site) analysis, where 
the foreground process related exclusively to the manufacture of the phenolic resin. The functional 
unit within this study was 1 kg of resin.
The raw material data for this model was sourced fi*om the Ecoinvent Database (2008). The energy 
and transportation data were adjusted to suit the country of resin manufacture (United States). The 
distances of transport were accurately modelled (large truck and rail).
Only inputs and outputs directly associated with the manufacturing process were considered 
(cleaning and packaging were again excluded). The life cycle inventory analysis for this study was 
completed with SimaPro (software package) with the database extension for US specific data.
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Impact assessment of the resin manufacture was primarily focused on energy inputs and green 
house gas emissions.
One of the main findings from this report was that energy inputs and emissions directly linked to 
onsite processing only contributed to 2 -  7 % of total impact. The majority of the inputs and 
outputs were linked to the manufacture of constituents for the resin.
8.4.5 Summary
This overview of previous relevant LCA studies on resins systems suggests that:
in some, only energy inputs and materials that directly report the resin system were 
included, while in others other aspects (cleaning, transport etc.), were included; 
batch processes were typically modelled in an aggregated manner, i.e. as if all 
inputs and output occurred at once or rather summing over all inputs or outputs; 
the two studies, which separated manufacture of raw materials and processing, 
showed that the raw materials had a greater environmental impact compared to on 
site production.
Particular points that will be carried through to the present study are:
• the study shall differentiate between the environmental impact fi*om on-site processing; 
and embodied within the materials;
• the cleaning of the reactor shall be also excluded;
• the packaging shall be excluded;
• on-site transportation shall be excluded.
8.5 Manufacture of a Resin System
8.5.1 Introduction
The two main types of thermosetting resin systems that are manufactured at Scott Bader’s site at 
Wollaston are unsaturated polyesters and urethane methacrylates. As the goal of this study was to 
analyse in depth one resin system, the Crestapol 1212 urethane methacrylate resin system was 
selected. This reason for this was that the resin formed the base for many of resins subjected to 
mechanical testing investigations as part of this dissertation.
In basic terms, a resin system is manufactured by mixing a wide assortment of monomers (raw 
materials) together in a vessel called a reactor. The size of the reactor can be such that it can hold
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up to six tons of material; the capacity of the reactor was chosen as the functional unit for the 
assessment.
The manufacturing process is multi-stage with different raw materials added at each stage together 
with heating or cooling as required. The time frame of the stages can be different (e.g. several 
minutes to hours). Once the manufacture is completed the resin is stored in containers. The reactor 
is then cleaned with a cleaning agent. This cleaning agent is reused four times before it is 
reprocessed into fresh cleaning agent (recycled).
The raw materials for these resin systems arrive on site either by lorry (24+ ton) or tanker 
(21+ton). The liquid based raw materials are stored in tanks and can then be pumped into a 
reactor. The solid raw materials are transported around the site by forklift truck.
The reactors at Scott Bader are steam heated. This steam is produced on site by gas powered 
boilers. The reactor is cooled using cold water in a closed system (a cooling tower is located on 
site). The stirrers within the reactors are electrically powered with a variable load motor. The 
electricity is supplied from the National Grid.
The resin systems are commonly stored in one ton intermediate bulk containers (IBCs). When a 
resin system leaves for a customer, it can be transported in sizes ranging from a 25 kg steel keg to a 
tanker.
In order to visualise the different stages of manufacture of a resin system, an initial flow diagram 
was created (Figure 8.4).
The life cycle inventory analysis was completed using a software package (GaBi v.4.4). GaBi is 
product sustainability software developed by PE International. The software provides for data 
collection and management, modelling, results and interpretation analysis, and contains databases 
of cradle-to-gate inventories for a large number of intermediate chemicals and final products as 
well as energy sources (fuels, electricity, steam etc.).
8.5.2 Manufacture of the Crestapol 1212
Manufacture of the Crestapol 1212 resin system is comprised of four reactor stages, with a six ton 
reactor being used. Within the final stage, there is the addition of two other resins. This is relatively 
common practice for many commercial resin systems that are a blend of other base resins.
The stirrer within the reactor is constantly on during the manufacture of the resin to ensure 
sufficient mixing. In addition, nitrogen gas is pumped into the reactor at a flow rate of 20 1 min'^ in 
order to purge the reactor of volatiles. This nitrogen is supplied from a liquid source.
Page I 188
The following stages have been derived from the batch process sheet (i.e. the formal manufacturing 
instructions) for this resin system:
1) Initial base polymers, catalysts and inhibitors are put into the reactor. This first stage 
contributes approximately 25 % of the final mass of the batch. The raw materials within 
the reactor are heated to 80 °C.
2) Once the temperature of the reactor has stabilised at 80 °C, the reactive component raw 
material is drip-fed into the reactor. This component equates to 15 % of the final mass. It 
takes roughly two hours for this stage to complete. Owing to the exothermic reaction, no 
heating or cooling was required to hold the temperature at 80 °C. The piping system is 
flushed with a small amount of diluent.
3) The reactor is then maintained at a temperature of 80 °C for the next two to three hours 
with steam heating.
4) The reactor is cooled to 40 °C. The bulk of the cross-linking agent is added (30 % of the 
final mass). Within this stage there is the addition of approximately 10 wt.Vo of another 
urethane methacrylate base resin and approximately 15 % of an unsaturated polyester base 
resin.
8.5.3 Foreground and Background Processes
It was decided that the LCA would only focus on the inputs and outputs directly associated with 
the manufacturing of the resin system i.e. wastage, power and heating for factory (not linked to 
reactor) and on-site distribution was excluded. The reactor where the resin is manufactured was 
considered the foreground process (bold line in Figure 8.4) and study was to cover ‘cradle’ to 
‘gate’. The ‘gate’ of this study was set to the Reactor Out boundary (Figure 8.4) i.e. post­
manufacture activities such as reactor cleaning and packaging were not considered.
As the aim of this study was to make qualitative assertions based on quantitative estimates, the 
results were to be presented in relative contribution. The main comparison of interest is the relative 
contribution of Scott Bader’s processing (energy) input and the embodied impact of the raw 
materials. The data was also to be normalised against total European data (CML2001 EU 25+3, see 
Section 8.3.2) to understand the environmental impacts that have the greatest relative contribution.
For foreground processes, the manufacture process use quantities and timings based on the batch 
sheet for that particular resin. The motor rating on the reactor is 15 kW. To calculate the heating 
requirements of the reactor, the individual heat capacities of the raw materials were used. The 
background processes include the production of these raw materials (Ecoinvent and PlasticsEurope
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databases -  European averages when available) and an electricity mix based upon the average UK 
power mix. Owing to the lack of availability of exact data, it has been assumed that:
• 100 % power load on stirrer for first three minutes of manufacture to approximate the
energy required to get the reactants up to speed,
• 20 % power load on stirrer to sustain rotation speed,
• 89 % boiler efficiency from steam heating (data available closest to actual),
• Heat loss from reactor was calculated to be 5 kW (80 °C, cylindrical tank of exact 
dimensions, medium insulation on bottom and side) (Spiraxsarco, 2012),
• Monomer ambient temperature was 21 °C (room temperature),
• No heating or cooling required during Stage 2 (common operating condition),
• No energy required to convert the nitrogen from a liquid state to a gas state (energy 
sourced from the atmosphere),
• No volatiles were released during resin manufacture,
• No piping losses for steam heating,
• No energy required for reactor vessel to heat up,
• Unsaturated polyester manufacture modelled using a basic single stage process.
The exclusions within this model were:
• Local and off-site transportation,
• Catalysts and inhibitors (total mass less than 0.01 % of batch - cut-off rules),
• Packaging of the product,
• Power for pumping of raw material into reactor (assumed to be low),
• Wastage (filtering waste and remnants with reactor),
• Cleaning.
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8.6 The GaBi Model for Crestapol 1212
8.6.1 Data Availability and Considerations
As the formulation of the resin systems utilises specialist monomers, the data for some of these 
chemicals were not available. In a number of instances (25 %) it was possible to find data for 
another isomer of that chemical and it was thus assumed that the supply chain and production 
conditions for two isomers would be quite similar. Where a similar chemical could not be selected, 
the model still included it as a flow but not linked to any data. However, when the relevant data 
becomes available in the future, this information can be easily inserted into the model. Within the 
model, data was not available for approximately 20 % of the final mass. In the guidelines to the 
ISO standard (Guinée, 2002), it is generally recommended that if a component is less than 1% of 
the final mass, then under the so called cut-off rules it is generally accepted as being not of 
consequence (catalysts and inhibitors in the resin, for example, amounted to less than 0.1%). Each 
of the components on their own corresponded to at most 5% of the final mass. No guidance is 
provided on what the total amount of omitted mass can be, but it is acknowledged that 20% of the 
final mass is quite a considerable component to omit from consideration.
It should be noted that the data used within this study did not describe the purity (grade) of the raw 
material. The purity of a chemical can be an important factor in some resin formulations, and this 
can be of significance if the steps required to obtain high grade materials are energy intensive as 
may be the case for components obtained through, for example, distillation or membrane filtration.
The heating requirement during the initial stage was calculated based upon the specific heat 
capacity of the raw materials, the temperature range and the mass of the materials (i.e. change in 
enthalpy = mass x specific heat capacity x change in temperature).
The heat loss from the reactor was calculated using an online tool provided by Spiraxsarco (2012). 
Unfortunately no explanation of the exact equation used to determine that result is provided but the 
parameters used and the precise information entered about the Scott Bader process suggests that 
this can be considered a reasonable estimation owing to what is actually consumed on site.
Owing to the commercial sensitivity of data used to calculate the LCA, the masses have been 
omitted from the flow diagram and some of the raw materials have been entered under generic 
names. It is still possible to approximate the relative contributions to the final product from the size 
of the arrows within the flow diagrams (see Figures 8.5 to 8.9).
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8.6.2 Flow Diagrams
As the focus was to understand Scott Bader’s relative environmental impact of resin manufacture, 
the model was designed such that there were separate flow diagrams for the ‘materials’ (i.e. inputs 
to the Scott Bader process) and ‘processes’ (i.e. all on site production activities). The two other 
resins, which were added to the last stage, have their own separate materials and process. This 
means that when the results were calculated, it was possible to separate the environmental impacts 
of Scott Bader’s processing from the raw materials extraction and manufacture.
The full flow diagram showing the manufacture of Crestpol 1212 can be seen in Figure 8.5. This 
model had each of the materials (labelled Crestapol Materials) used in the base resin manufacture 
as inputs into each of the processing steps (labelled Crestapol Process). When the diluent was 
added at more than one stage, the relative contribution added during each stage was modelled 
(Figure 8.6). Within the Crestapol processes, the addition of electricity to each individual 
processing step and heating, if required, was modelled (Figure 8.7).
The flow diagrams for the unsaturated polyester resin and the urethane methacrylate resin additions 
to this batch can be seen in Figure 8.8 and Figure 8.9 respectively. The urethane methacrylate 
resin manufactured used the same reactor process, as illustrated for the Crestapol 1212 resin in 
Figure 8.7, but used different monomers for the raw material inputs. The unsaturated 
polyester resin manufactured was modelled using a single stage manufacturing process: there was 
not a specific interest in understanding this process in detail as it serves only as a material input 
into the Crestapol 1212 system. It should be noted that the labels of these resin additions are the 
same as the resin additions described in Chapter 7 (UMa2 and UP2), but that this is unintentional 
-  these are not the same systems (the resins in Chapter 7 were high elongation resins, while those 
presented here are secondary base resins).
8.6.3 Description of the Processes
This model used nine new processes (excluding the repeats of the four reactor stages in the UMa2 
manufacture). A brief description of these processes follows:
- Nitrogen Evaporation: This process assumed that 1 kg of liquid nitrogen input equalled 1 kg 
of nitrogen output. There are no other inputs or outputs. The nitrogen is used in the reactor is 
fed continuously throughout the entire manufacturing process at a constant rate.
- Crestapol Reactor Stage 1: This process adds the first set of materials (monomers, diluents, 
catalysts, inhibitors and nitrogen gas) and energy during the first stage of manufacture and 
the outputs are an intermediate resin (#1) and nitrogen gas (which is released to the 
atmosphere).
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Crestapol Reactor Stage 2: This process adds the new materials (monomers, diluents, 
nitrogen gas etc.), energy and the intermediate resin (#1) and then outputs another 
intermediate resin (#2) and nitrogen gas (which is released to the atmosphere).
Crestapol Reactor Stage 3: This process adds the new materials, energy and the intermediate 
resin (#2) and then outputs another intermediate resin (#3) and nitrogen gas (which is 
released to the atmosphere).
Crestapol Reactor Stage 4: This final reactor stage adds the new materials, energy, 
intermediate resin (#3), UMa2 and UP2 resins and outputs the Crestapol 1212 resin and 
nitrogen gas (which is released to the atmosphere).
Materials Collation; Crestapol, UMa2 and UP2: To assist in data management and 
subsequent analysis, the material inputs associated with each of the resins’ manufacture were 
grouped together.
8.7 Environmental Impacts
8.7.1 Introduction
This section presents the results and analysis of the environmental impacts identified by the LCA 
of the manufacture of Crestapol 1212. The normalisation of the impact indicator results is 
presented first, followed by the breakdown of individual impacts. The results from this LCA are 
then compared with other studies of thermosetting resin systems. This section finishes with a 
sensitivity analysis.
8.7.2 Normalisation of the Environmental Impacts
As indicated in Section 8.3.2, the assessment of environmental impacts stage of the LCA provides 
an estimate of the impact potential of the various stages in the life cycle of a product. This is 
considered for a number of impact categories and whilst there are a number of options here, the 
most common impacts reported, and indeed used here, are:
Acidification Potential (A?) (kg SO2 equiv.)
Eutrophication Potential (EP) (kg phosphate equiv.)
Freshwater Aquatic Ecotoxicity Potential (FAEP) (kg DCB equiv.)
Global Warming Potential (GWP) (100 years) (kg. CO2 equiv.)
Human Toxicity Potential (HTP) (kg DCB equiv.)
Ozone Layer Depletion Potential (OLDP) (kg R11 equiv.)
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• Photochemical Ozone Creation Potential (POCP) (kg Ethene equiv.)
• Terrestric Ecotoxicity Potential (TEP) (kg DCB equiv.)
where DCB is dichlorobenzene and R ll is trichlorofluoromethane. However, it does not give an 
indication of absolute impact or the relative significance of the impacts in different impact 
categories. To determine this, it is necessary to ‘normalise’ the impact information against a 
reference amount. A number of normalisation regimes can be used including relative to a base case 
or relative to the total impact in a region or of the “average” citizen. Relative to the total impact in 
a region (e.g. a country, the EU or even the total impact in that category in the world) is most 
common and is considered a good external reference point when determining the relative 
significance of the impacts in different impact categories.
As there was no prior indication of which environmental impact categories for thermosetting resin 
systems at Scott Bader should be prioritised, the first step in the analysis was to determine the 
relative significance of the impacts and hence which impacts should be focused upon. This was 
achieved by normalising the quantitative impacts of the resin production against the European 
census of environmental impacts (CML 2001 -  Nov. 09, EU25+3) -  i.e. relative to the total impact 
in each impact category in the EU25+3 (25 Europen member countries plus 3 non member states) 
as determined by CML for 2009.
Through comparing the impacts calculated from this LCA with the calculated total impacts for the 
European Union, it was possible to recognise which categories to focus on within this study. For 
the manufacture of Crestapol 1212, the impact assessment results normalised against the CML 
2001 -  Nov. 09 (EU25+3) normalisation factors can be seen in Figure 8.10. This graph shows that 
Photochemical Ozone Creation Potential followed by Acidification Potential and Global Warming 
Potential were the environmental impact categories with the highest relative contributions. This 
ordering is based on the assumption that no additional weighting of relative importance is ascribed 
to the different impact categories.
The following sub-sections will go into detail the three individual environmental impacts that 
contribute 90 % of the normalised impact (POCP, AP and GWP), in order to find the reason for the 
higher relative contributions in the different impact categories.
8.7.3 Photochemical Ozone Creation Potential
Photochemical ozone creation potential is attributed to the photo-oxidant formation of nitrogen 
oxides and volatile organic compounds. These reactive compounds can be hazardous to human 
health as well as causing crop damage (Labouze, et a l, 2004).
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Figure 8.10. Normalised environmental impacts for the resin production of Crestapol 1212 (6 ton) 
-  normalisation basis: CML 2001 -  Nov. 09, EU25+3
When the impact of the materials and processing were split it was observed that the photochemical 
ozone creation potential was mostly attributable to the materials (Figure 8.11). All of the 
processing for the manufacture of the resin system (Scott Bader’s on-site input) contributed just
0.033 % to the photochemical ozone creation potential.
Once the materials segments were broken down to the relative contribution of each of the resin 
components, it was found that the diluents contributed 81 % of this environmental impact.
8.7.4 Acidification Potential
Acidification potential is caused when acid gases are absorbed by atmospheric precipitations. As a 
result, this acidified rain can cause leaf damage and superacidity of soil, both of which negatively 
affect the growth of plants.
When the impact of the materials and processing were split it was observed that acidification 
potential was also significantly affected by the materials component (Figure 8.12). All of the 
processing for the manufacture of the resin system (Scott Bader’s input) contributed just 0.06 % to 
the acidification potential environmental impact while the materials component contributed close 
to 100 %.
Once the materials segments were broken down to the relative contribution of each of the resin 
components, it was found that the diluents contributed 73 % of this environmental impact.
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Figure 8.11. Breakdown of materials and processes for the photochemical ozone creation potential 
environmental impact (the numbers represent percentage contribution)
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UMa2 
Materials,
8.6
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Materials,
82
Figure 8.12. Breakdown of materials and processes for the acidification potential environmental 
impact (the numbers represent percentage contribution)
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8.7.5 Global Warming Potential
Global warming potential is the effect of rising average atmospheric temperature due to the 
absorption of solar radiation by the atmosphere due to the accumulation of particular gases such as 
carbon dioxide, methane and nitrous oxide in the atmosphere. This impact has been linked with 
increased climatic disturbance, rising sea levels and desertification (Anderson, et a l, 2004).
When the impact of the materials and processing were split it was observed that global warming 
potential (100 years) was substantially affected by the materials (Figure 8.13). All of the 
processing for the manufacture of the resin system (Scott Bader’s input) contributed just 0.21 % to 
the global warming potential.
Once the materials segments were broken down to the relative contribution of each of the resin 
components, it was found that the diluents contributed 72 % of the total 76% in this environmental 
impact category.
UP2
Materials,
13
UMa2
Materials,
11
Crestapol 
Process,  ^
0.105
UP2
Process,
0.092
Crestapol
Materials,
76
Figure 8.13. Breakdown of materials and processes for the global warming potential (100 years) 
environmental impact (the numbers represent percentage contribution)
8.7.6 Human Toxicity Potential
Human toxicity potential relates to the emission of substances, such as heavy metals, that have a 
negative effect on human health. The two carriers of this toxicity are air and water (Anderson, et 
al, 2004).
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The three previous impact classifications demonstrated a trend where the three materials sections 
were equal in relative contributions with respect to mass within the Crestapol 1212. One such 
impact where this is not the case is Human Toxicity Potential. Even though this environmental 
impact was low on the list of normalised impacts (a tenth of the contribution compared with GWP, 
Figure 8.10) it was raised as an area of interest because this was the impact category in which the 
apparent dominance of one (or more) materials within the UP2 manufacture. (This result 
highlighted the requirement to focus on individual monomers within Sensitivity Analysis.)
When the impact of the materials and processing were split it was observed that the UP2 materials 
had 64 % of the human toxicity potential yet only contributed around 20 % of the Crestapol 1212’s 
mass (Figure 8.14). Upon further breakdown of the UP2 materials it was found that one monomer 
was the main contributor to the impact, with 53 % of the human toxicity potential, despite 
contributing less than 2.5 % of the Crestapol 1212’s mass.
Crestapol UMa2 UP2 
Process, Process, Process,
0.039 ^ xO .O q ^ ,^  0.020
Crestapol 
Materials, 
32
UP2y ^  \.U M a2
Materials, Materials,
64 3.7
Figure 8.14. Breakdown of materials and processes for the human toxicity potential environmental 
impact (the numbers represent percentage contribution)
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8.7.7 Validation of Results
The Crestapol 1212 resin system can, to some extent, be validated by benchmarking the 
quantitative results with published results for other, similar, resin systems. Through the Ecoinvent 
database there is information on the cradle-to-gate impacts of an unsaturated polyester resin system 
(Section 8.4.3) and an epo?^ resin system. The selected results for comparison are the energy input 
and the GWP (owing to data availability). The table below displays the Crestapol 1212 in 
comparison with the other two resin systems (Table 8.1). Given the limitations of this study 
(discussed in Section 8.63), the quantitative results are for indicative purposes and so should not 
be assumed to be exact values i.e. these should not be considered the energy or carbon footprints of 
the product.
Table 8.1. Quantitative energy input and GWP for the Crestapol 1212 compared with an 
unsaturated polyester and epoxy resin systems
Resin Type Energy Input (MJ kg^ of resin)
GWP 
(kg CO2 kg^ of resin)
Crestapol 1212 Resin 117 5.7
Unsaturated Polyester Resin 128 7.6
Epoxy Resin 139 6.7
The information in Table 8.1 suggests that the model is providing numbers that are sensible for 
resin systems. Although one does not want to over-interpret the findings, especially when it is not 
possible to compare the system boundaries and assumptions for the LCAs of the three resins, it is 
worth noting that it is possible that the Crestapol 1212 resin had a lower Energy Input and GWP 
because the raw materials are different to the raw materials used in the unsaturated polyester and 
epoxy resins. Moreover, there may be the chance that the 20% of mass of material omitted may be 
responsible for this difference.
8.8 Sensitivity Analysis
8.8.1 Introduction
In order to understand the effect that adjusting boundary conditions and exclusions has on a model 
it was necessary to conduct a sensitivity analysis. The three areas where sensitivity analysis was 
conducted were: the potential underestimation of heating requirements, off-site transportation and
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slight changes to the resin formulation (which are tweaked on a regular basis to ensure the resin 
meets the specification).
8.8.2 Potential Underestimation of Energy Input for Heating
Owing to the limited availability of data, data for an 89% efficiency steam boiler provided in the 
Eco-invent database was used. However, the boilers at Scott Bader are over 25 years old (non­
condensing) and have an estimated efficiency of 60 %. In addition, there are heat losses due to 
piping as well as the efficiency of thermal transfer between the steam and the reactor. Potentially, 
this situation could mean that the required amount of natural gas could be underestimated.
As the boiler is powered by natural gas, the GWP impact category would be significantly affected. 
When the model was adjusted to use five times more energy from steam, the total contribution of 
Scott Bader’s processing to GWP increased from 0.23 % to 0.84 %.
This adjustment has lead to the relative GWP fi"om electricity within the ‘processing’ to decrease 
fi*om 20 % to 5 %. This result illustrates that in the case where on-site heating is of the order 
suggested here, Scott Bader’s contribution to the resin’s GWP potential is mainly through heating, 
but that electricity use would still be a significant contributor to the carbon footprint directly under 
Scott Bader’s control (the so-called Scope 2 emissions when doing a carbon footprint), and so 
merit consideration when attempting to find opportunities for improvement in environmental 
performance. This also emphasises the importance of obtaining accurate information about the 
exact steam (and hence gas) usage.
8.8.3 Off-Site Transportation
As Scott Bader has a worldwide manufacture and distribution network, the different manufacturing 
sites source raw materials from and distribute products to their regional area. In order to estimate 
the environmental impact for the transportation of the raw materials, a model was developed, 
which assumed that:
• these products will travel 1500 miles (equivalent distance of Wollaston, England to most 
edges of Europe),
• materials are transported on 32 ton trucks (24.7 ton cargo capacity) with Euro 4 emission 
rating,
• 40 % of travel is on motorways, 40 % is on out of town roads and 20 % in urban areas,
• 85 wt.% cargo utilisation (accounting for empty journeys).
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The results when including the transportation step show that the GWP per kilogram of cargo is 
equivalent to 0.125 kg of CO2. As the GWP for one kilogram of Crestapol 1212 resin was 
calculated to be equivalent to 5.7 kg of CO2, if transportation was included it would represent 
around 2 % of the total GWP of that product. In addition, transportation represented less than 1 % 
in most of the other environmental impact categories
When comparing the results for transportation with the data for on-site processing, the 
transportation has a GWP environmental impact that is around a factor of ten greater than on-site 
processing for this particular resin. This illustrates the potential requirement to focus on reducing 
the environmental impact of distribution over on-site production of this resin.
8.8.4 Adjustments to the Formulation
As the polymer backbone within unsaturated polyester resin systems is manufactured from a blend 
of saturated and unsaturated acids and alcohols, there are many permutations possible from the 
variety of monomers and their concentrations within a polymer system. As it is common practice to 
adjust the monomer concentrations within the formulation to form a new system, this alteration 
could have an effect on the environmental impacts.
Previously it has been shown that the majority of the human toxicity environmental impact of the 
resin system was attributed to a monomer that was less than 2.5 % of the formulation. Thus if the 
concentration of that monomer in the formulation was increased then the human toxicity potential 
could become an impact of concern.
To further assist in understanding the potential issue of adjustments to a formulation. Table 8.2 
shows some of the environmental impact categories for a selection of monomers (mass of 1 kg) 
from the Ecoinvent database (European averages). The data within this table shows that some 
monomers can have environmental impacts that are an order of magnitude (or more) greater than 
other monomers.
In a few instances the monomers have generally high or low impacts across the presented 
categories. For example, adipic acid has shown relatively high environmental impacts whereas 
diethylene glycol has relatively low environmental impacts. In other instances the monomers have 
only a few categories with a high environmental impact. Methyl methacrylate has a very high 
acidification potential and photochemical ozone creation potential whereas propylene glycol has a 
high human toxicity potential. Therefore, adjustments to a monomer concentration within a 
formulation of an unsaturated polyester system should only be made after careful consideration of 
all the environmental impacts.
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Table 8.2. Environmental impacts for a selection of monomers from the Eco-invent LCA database 
(the highest environmental impact within category marked in red)
Monomer (1 kg)
Global 
Warming 
Potential 
(kg CO2 equiv.) 
per kg of 
monomer
Acidification 
Potential 
(kgS02 
equiv.) 
per kg of 
monomer
Human 
Toxicity 
Potential 
(kg DCB 
equiv.) 
per kg of 
monomer
Photochem. 
Ozone Creation 
Potential 
(1% Ethene 
equiv.) per kg 
of monomer
Adipic Acid 26.0 0.023 11.0 0.0040
Terephthalic Acid 1.9 0.006 0.67 0.0011
Acrylic Acid 2.9 0.005 0.27 0.0010
Diethylene Glycol 1.1 0.004 0.43 0.0008
Ethylene Glycol 1.6 0.005 0.64 0.0011
Propylene Glycol 4.2 0.017 14.0 0.0030
Styrene 3.2 0.010 0.35 0.0018
Methyl Methacrylate 6.7 0.034 0.31 0.0060
8.9 Discussion
8.9.1 The Environmental Impact of Resin Production
When the results for the environmental impact categories were broken down into the materials and 
process groupings it is of note that the on-site contribution to the environmental impact for the 
resin system was commonly less than 0.2 % of the product in each of the impact categories. Even if 
it is assumed that the energy for heating was underestimated by a factor of five, the on-site 
contribution to the environmental impacts was still less than 0.8 %.
This analysis does not mean that resin manufacturers have no control over reducing environmental 
impacts. The results of the LCA suggest that there are two groups of people who have the potential 
to significantly reduce the environmental impact of resin systems: the polymer chemists and the 
purchasers of raw materials.
For example, the formulation (the monomers that make the polymer, and including the diluents that 
aid processabilty) of the resin system, can be revised with a focus on options with lower 
environmental impacts when developing new products. At the same time, the suppliers of the raw 
materials can be selected based upon the environmental impact of their product (e.g. there is 
usually more than one manufacturing method for a particular monomer and different manufacturers
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may have access to different energy sources some of which may be less carbon intensive). Even if 
the raw material is sourced fiirther afield, the extra transportation environmental impact could be 
lower than the improved environmental impact of that particular raw material.
It should be noted that for the options available within the current study (i.e. oils derived from 
petrochemical or vegetable sources), it appears that the environmental impacts are relatively 
insensitive to production route. The contributions fi-om fertilisers and harvesting are comparable to 
extraction from the ground. However, there is much potential for examining the choice of 
monomers and assessing their contribution to mechanical properties against their environmental 
impacts, as there can be as much as an order of magnitude difference in e.g. GWP.
As it is common practice to adjust the monomer concentrations within the formulation to form a 
new system, this alteration could have an effect for the environmental impacts. For example, the 
current analysis has shown that the majority (-60%) of the human toxicity environmental impact of 
the resin system was attributed to a monomer that was less than 2.5 % of the formulation. Thus if 
the concentration of that monomer in the formulation was increased then the human toxicity 
potential could become an impact of concern.
8.9.2 Strategy Informed by LCA
Through conducting the LCA, the results also have an effect on existing polymer development 
strategies. Two particular strategies that have been affected are ‘styrene reduction’ and ‘styrene 
replacement’.
In order for standard unsaturated polyester resins to cross-link between the polymer chains, styrene 
is used. As styrene is of low viscosity, it also acts to reduce the viscosity of the resin system. The 
common proportion of styrene within Scott Bader’s resin systems is around 40 %.
During the manufacture of composite materials it is possible for styrene evaporation to occur from 
the unsaturated polyester (open mould -  e.g. hand lamination and spray application). This 
evaporation of styrene can be detrimental to human health in sufficient quantities (Sigma-Aldrich, 
2014). As a result, there has been a focus on reducing the styrene content within unsaturated 
polyester resin systems. The amount of styrene reduction being aimed for is as much as 50 % 
(i.e.to 20 wt.Vo of the final resin system).
Previously, the data for styrene in Table 8.2 has shown that it has over double the global warming 
potential, acidification potential and photochemical ozone creation potential than many of the acids 
and glycols. This means that styrene reduced resin systems could have as much as a 20 % reduced 
environmental impact, depending on the other monomers within the system.
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As a result of conducting this LCA study, there is further emphasis on this project of reducing 
styrene content because, in addition to reducing the potential health impacts during use (especially 
hand/open-mould laminations), reduction in styrene content can also improve the environmental 
impact of an unsaturated polyester resin system, in other environmental impact categories.
Following on the same lines as styrene reduction, new resins systems are being developed that use 
methyl methacrylate (MMA) instead of styrene, in order to achieve the reduction in styrene 
vapours during composite manufacture.
However, when the data for the environmental impacts of MMA are compared with styrene, it can 
be seen that MMA has a greater environmental impact (Table 8.2). MMA has over twice as large 
global warming potential and over three times greater acidification potential and photochemical 
ozone creation potential compared with styrene. Hence, the results from this LCA study has called 
into question the current strategy of styrene replacement with MMA as this would increase the 
environmental impact of these new resin systems compared with the standard resin systems.
8.10 Summary
In order to understand the environmental impacts of the thermosetting resin systems manufactured 
by Scott Bader Company Ltd. an environmental life cycle assessment was conducted. This 
assessment focused on the manufacture of a single urethane methacrylate resin system called 
Crestapol 1212, which has underpinned much of the research presented elsewhere in this thesis.
A model for the manufacture of this resin system was created using GaBi software with data on the 
cradle-to-gate impacts of raw material production sourced from the Ecoinvent database. By 
splitting the manufacture into four steps it was possible to identify potential hot-spots in the 
manufacture of the resin.
The results from this model showed that the three environmental impact categories of interest were 
photochemical ozone creation potential, acidification potential and global warming potential. The 
results also illustrated that Scott Bader’s input within these environmental impact categories was 
less than 0.2 % of the impact for all impact categories.
As a consequence of the analysis, it has been demonstrated that Scott Bader could make significant 
improvements to the environmental impacts of their resin systems through choice of particular 
monomers and choice of suppliers with access to more energy efficient and environmentally 
benign processes and less carbon intensive energy mixes. Through sensitivity analysis for a 
selection of monomers, the data showed that the current strategy of ‘styrene reduction’ could have
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a positive environmental impact whereas ‘styrene replacement’ could have a negative 
environmental impact depending on the replacement monomer used.
Overall, this study has demonstrated the value of doing an environmental life cycle assessment to 
support product development, procurement strategies and on-site operations.
The next Chapter presents a summary of the research within this study and the key findings. It is 
concluded with a discussion on the prospective future work.
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9. Concluding Remarks
9.1 Summary
Owing to increasing concern over the environmental impacts of composite materials utilising 
conventional reinforcements and resin systems, this study has examined alternative composite 
systems that could have reduced environmental impact. From the literature, it is clear that there is 
much work on characterising various natural fibre composites with different resin combinations. In 
the majority of instances, the mechanical performance of these natural fibre composites is lower 
than synthetic equivalents. As a result, methods of optimisation have been explored which involve 
either fibre modification or the addition of a compatibiliser to the resin system, or both. When 
thermosetting resins are used, these modifications are utilised because the resin systems are 
tailored to synthetic fibres (glass and carbon). Where there has been only a small amount research 
for sustainable composites is into reformulation of the thermosetting resin systems such that they 
are optimised specifically for natural fibres (functionality exists that can chemically link with the 
fibres).
The current work started by investigating those fibres that are traditionally thought of as natural, 
and investigated the mechanical properties of Scott Bader’s commercially available thermosetting 
resin systems reinforced with such fibres. It was shown that the mechanical properties of these 
composites were generally lower than E-glass CSM composites. Through examining the 
post-fractured specimens it was observed that there was predominantly fibre-pullout and it was 
deduced that the resin-fibre interface strength of these composites was lower than optimal. This 
study culminated in the development of a new resin system by author that was specifically 
optimised for natural fibres; this is now under consideration for commercialisation.
However, the properties of these optimised systems were still comparatively poor. Hence the focus 
of the project shifted to utilising reformed cellulosic fibres, which are manufactured from a natural 
source but with substantially lower fibre variability, laminated with these modified resin systems. 
Viscose rayon single fibre tests have previously demonstrated in literature non-linear elastic 
properties. This effect was also explored with the resulting composites.
An area that is growing in the context of composite materials but is still generally poorly 
understood is that of Life Cycle Assessment (LCA). An LCA was completed on an existing 
conventional resin system to understand the key environmental impacts and determine strategies 
for reducing them. The results from this study will assist in directing environmental strategies 
within the supporting company: many of the outcomes of this part of the study were a surprise to
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the company and, as a result, the methodology developed here is being applied to other resin 
systems.
9.2 Key Findings
This study has demonstrated that it is possible for natural and semi-synthetic fibre composites to 
obtain comparable properties to E-glass CSM composites. This is achievable when a fibre of high 
quality (such as UD hemp and Cordenka 700 series) treated with suitable processing methods (such 
as drying the fibre) is utilised with a resin system optimised for natural fibres (such as coupling 
agent modified or reformulation).
Caution is advised, because incorrectly selecting the composite parameters could lead to 
mechanical properties that are either severely degraded or, as demonstrated in this study, 
composites with mechanical properties lower than achieved with the bulk resin. For example, the 
tensile and flexural properties of hemp CSM fabric reinforced polymers were shown not to change 
(or even to decrease) compared with the bulk resin properties. However, this hemp CSM fabric did 
improve the notched fracture toughness compared to the bulk resin.
Optical microscopy of the hemp CSM single edged notch fracture surfaces indicated significant 
fibre pull-out and minimal fibre breakage. This observation implied that the resin-fibre interface 
strength is not optimum. As a result, a specially designed coupling agent was used, which caused 
the tensile stifftiess and strength of the hemp composite to increase by 32% and 9% respectively. 
When the resin system was reformulated it demonstrated either similar or even better mechanical 
properties than the composites utilising the coupling agent. Even though this is an early 
development resin, it highlights the potential opportunity to have resin systems that are tailored for 
natural composites.
The results from the environmental LCA of Crestapol 1212 demonstrated that the majority of the 
environmental impacts are due to the monomers (over 99 % in many normalised impacts), 
switching to more sustainable monomers within formulations would create a significant 
improvement to the environmental credentials of resin systems. It has also been demonstrated that 
bio-mass based monomers of petrochemical equivalents re-formulated into the resin system (CSl 
and CS2) demonstrated bulk and composite performance equal to conventional resin systems 
(solely petrochemical). But before these resins can be classed as a sustainable alternative, it is still 
to be proven that these bio-based monomers offer a positive improvement with regards to social, 
economic and environmental factors.
Page 1213
When bio-mass based monomers of petrochemical equivalents were re-formulated into the resin 
system (CSl and CS2), it demonstrated bulk and composite performance equal to conventional 
resin systems (solely petrochemical).
Composites utilising the viscose rayon have been shown to have mechanical properties that rival 
some synthetic fibre equivalents. This has been mainly due to the ability to achieve greater fibre 
volume fractions than natural fibre systems (0.5 vs 0.16 for hemp CSM and 0.29 for hemp UD); 
combined with the low density of cellulosic fibres, the specific properties are excellent. This type 
of composite has also shown interesting stress-strain behaviour and high energy absorption 
characteristics. However, there is concern that the intensive manufacturing requirements would 
mean that this fibre could have a similar environmental impacts compared with synthetic fibre 
equivalents.
9.3 Future Work
9.3.1 The Strain Rate Behaviour of Viscose Rayon Composites
Throughout this study the tensile testing strain rate was around 1 % strain per minute (as per 
requirements of BS EN ISO 527 -  Part 1: 1996). However, published literature has shown that at 
high strain rates (1096% per minute) the stress and strain at break increases (Morton and Hearle, 
1993). It is expected that these fibre observations will also occur for the composite.
Future work should determine the mechanical properties of the viscose rayon at various strain rates 
(below and above 1 % strain per minute) and compare them with the results presented in 
Section 7.6. It is predicted that at strain rates below 1 % per minute the tensile ‘yield’ point and 
ultimate strength will decrease but at strain rates above 1 % per minute the tensile ‘yield’ point and 
ultimate strength will increase. If the results prove that this hypothesis was correct, it could prove 
to be a very useful material for impact zones on vehicles (high energy absorption requirement). In 
addition, the recoveiy with time, as shown by these fibres, suggest several possibilities with respect 
to self-healing structures.
9.3.2 Optimising Resin Systems for Natural and Semi-Synthetic 
(Cellulosic) Fibres
The tailored resin system for natural fibres (1250LV NF) was the first attempt to develop the 
required functionality onto the polymer backbone. The amount of functionality for this resin was 
extrapolated from the optimum proportion of coupling agent. However, this calculation included
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many assumptions (e.g. that the coupling agent does not react with the catalyst). To ensure that the 
functionality with the 1250LV NF is at optimum, future work could look at vaiying the 
concentration of functionality. In light of previous assumptions, it is hypothesised that slightly less 
functionality is required in order to achieve optimum composite performance with this fabric. This 
is why the future work will examine the tailored resin system with 25 %, 50 % and 75 % of the 
functionality concentration (100 % = 1250LV NF). If it was determined that 100% version still 
offered optimum performance, a 125 % and 150 % version will also be tested to ensure that the 
current tailored resin system is providing optimum performance.
The 1250LV was selected for reformulation due to the low strain at failure observed for the hemp 
UD with coupling agent (-1.6 %). However, this strain at failure of this modified resin is far too 
low to be used with the viscose rayon fibre (>7 %). As a result, a different resin system will need to 
be reformulated for laminating the viscose rayon fibre. This future work will determine if there is a 
potential for increased composite performance through the use of a tailored resin system.
9.3.3 Expanding the Use of LCA at Scott Bader
The LCA within this study only focused on a single resin (Crestapol 1212) from one resin type 
(urethane methacrylates). However, different resin systems have very different formulation 
(monomers) and processing requirements. This means that the analysis from this study cannot be 
applied (in absolute terms) to all products manufactured at Scott Bader. What this LCA study has 
helped to do is develop a methodology for which other resins manufactured on site can be 
benchmarked against. Future work will focus on LCAs for the vinyl ester and unsaturated polyester 
used within this study (VE671 and 701 PAX). Given that it was previously shown that a monomer 
within the additional polyester (UP2 within Chapter 8) of Crestapol 1212 had a high human 
toxicity potential, it could mean that this environmental impact of some unsaturated polyesters 
becomes an area of concern.
One of the issues with conducting the LCA is that many of the data sets are missing (20 % of 
monomers for the Crestapol 1212 had no near alternatives). Therefore, to develop accurate 
assessments Scott Bader will need to work with its material suppliers to fill in the holes within the 
data set.
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Appendix 1
This section displays all the results DCB testing o f unidirectional viscose rayon composite coupons
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Figure A.I. Critical strain energy release rate as a function o f crack length for the un-dried 1212 
laminate
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Figure A.2. Critical strain energy release rate as a function o f crack length for the 1212 laminate
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Figure A 3 Critical strain energy release rate as a function o f crack length for the 1212/UMa2 
laminate
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Figure A.4. Critical strain energy release rate as a function o f crack length for the 1212/UP2 
laminate
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Figure A.5. Critical strain energy release rate as a function o f crack length for the 1212/C A 
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Figure A.6. Critical strain energy release rate as a function of crack length for the 1212/UMa2/CA 
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1 Sustainable Composites
The development of ‘green’ composite materials that 
can be (economically) competitive replacements for 
Glass Fibre Reinforced Polymer (GFRP) composites 
is an important area of research. For a ‘green’ 
composite to be classed as a sustainable alternative, 
the manufacture, use and disposal phases need to be 
considered. (The issue is made more complicated by 
the current flexibility in the definitions of both 
‘green’ and ‘sustainable’ in this context).
Natural fibre (NF) composites utilise a range of 
fibres that occur in nature to produce systems that 
are perceived as ‘green’. Here, the focus is on bio­
derived organic fibres from vegetative feedstocks, 
but since there is a range of growing techniques, 
fibre isolation methods and other treatment 
processes available, NFs for composites might not 
be deemed a sustainable option once these 
economic, energy and environmental costs are taken 
into account.
As well as the option of using NFs, ‘green’ polymers 
are also available: some are promoted for use in 
packaging because of their ability to bio-degrade, 
although questions over the sustainability of the 
manufacture of these polymers are often left 
unanswered. A common technique for improving the 
green credentials of a standard thermoset resin is to 
incorporate a fiinctionalised vegetable oil. 
Ultimately, this decreases the performance of the 
base resin since it often interacts with the resin 
constituents (having a negative impact on the 
optimum proportions), causing weaknesses in the 
final polymer structure.
Non-structural NF composites have already been 
commercialized in a range of applications including 
NF/bio-derived thermoplastic composites used for
car inlays and internal door panels [1]. Since NFs 
have a lower density than glass, the specific 
properties of these composites are adequate for 
automotive applications. For NF composites to fully 
substitute glass composites - which are commonly 
used in conjunction with thermosetting resins - for 
structural components, high performance NF 
composites need to be developed.
Some of the previously identified issues wifii NF 
composites are the lower than expected mechanical 
performance [2] and the highly hydrophilic nature of 
the fibre [3]. It has been demonstrated that 
optimising the resin-fibre interface is one method 
that has the potential for improving the final 
composite performance [4], but such optimisation 
can be expensive (as well as having environmental 
impact).
2 Scope
The current study examines a range of glass and NF 
composites, utilising matrices of thermosetting 
resins with improved sustainability (reformulated to 
include constituents derived from vegetable oils 
whilst maintaining performance), in order to develop 
a range of more sustainable composites with useful 
mechanical properties. Depending on the properties 
required, the most appropriate sustainable composite 
can be selected. Hence, whilst attempting to make 
GFRP composites more sustainable through 
selection of an appropriate matrix, this work also 
examines a range of NF composites which have 
potential as competitors to GFRP composites, by 
offering reasonable mechanical properties with a 
reduced environmental impact.
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3 Materials and Methods
3.1 Modified Resin Systems
For the majority of composites, the largest 
contribution to the environmental impact of the 
manufacture of a composite is the resin system used 
[5]. Therefore, implementing sustainable changes to 
the resin system would achieve the largest positive 
impact on the sustainability of the final composite. 
For sustainable changes to a resin system to be 
commercially viable the ‘more sustainable’ resin 
system will need to achieve similar physical and 
mechanical performance, and be financially 
competitive when compared with the standard resin 
system.
In order for sustainable changes to a resin system to 
be effective, reformulation of the base resin with 
sustainable raw materials is required.
Two development thermosetting resins, based upon 
Crestapol® technology, have been manufactured by 
Scott Bader Company Ltd. These resin systems 
substitute some of the petrochemical based raw 
materials with (vegetable) oils. The first bio-resin 
utilises 22 % by volume fi-om natural oils 
(Sustainable #1) and the second bio-resin utilises 
40% fiom natural oils (Sustainable #2). These 
development resin systems have similar production 
costs and are expected to achieve similar mechanical 
performance compared to standard thermosetting 
resin systems.
The standard thermosetting resins used in this 
research for comparison are cold curing unsaturated 
polyesters (UP), vinyl esters (VE) and urethane 
methacrylates (UMa). All of the resin systems that 
were utilized within this research were also supplied 
by Scott Bader Company Ltd.
Plaques of resin were cast with these resin systems 
and specimens were manufactured fiom these 
plaques. The purpose was to investigate whether by 
reformulating the resin with a green content it would 
be possible to achieve similar mechanical 
performance compared with standard thermosetting 
resins.
3.2 Natural Fibre Composites
Substituting NFs for synthetic fibres is seen as 
another method for improving the sustainability of a
composite as a result of the lower growth and 
processing requirements of NFs compared with 
synthetic fibres.
Depending on the type and growth conditions of the 
selected NF, and subsequent processing, the 
diameter of the fibre commonly varies between 5 
and 80 pm but diameters of one to two orders of 
magnitude greater diameter can be observed. Again, 
depending upon the conditions mentioned above, the 
length of NFs can vary fiom 0.4 to 250 mm [6]. As 
the diameter of E-glass commonly varies between 9 
to 25 pm, (within the diameter range of NFs) it 
means that NFs could be substituted for E-glass 
within a composite without the need for substantial 
changes to the composite manufacture process or 
resin system.
In order to understand the optimum configuration for 
a NF composite a range of fibre types and 
architectures need to be investigated.
The range of fibres used within this research varied 
fiom low quality, minimally processed to high 
quality, highly processed.
Hemp CSM (chopped strand mat), supplied by 
Hemp Technology, is a needle punched non woven 
fabric. The majority of fibres within this fabric are 
bast fibre with a low quantity of core fibre and other 
organic particulate contaminates. From examining 
the fabric it has been deduced that the fibres are not 
fiilly separated. Compared with the other NF fabrics 
used within this research, this fabric is considered 
the lowest quality material used within the current 
study.
A unidirectional hemp fibre fabric, supplied by 
Engtex, uses yams of hemp fibre held together in 
parallel by a cotton cross stitch. The yams have an 
approximate diameter of 0.75 mm and a twist of 
between 50 to 100 tums per metre. The fibres within 
the yam are solely bast fibre and the fibres are 
almost completely separated. From examining this 
fabric, it was concluded to be of higher quality but 
requires a higher level of processing during 
manufacture compared with the hemp CSM.
Viscose rayon (VR) fibre yam, supplied by 
Cordenka GmbH, is a continuous fibre of reformed 
cellulose. Even though this fibre has uniform cross- 
section, similar to E-glass, the composition of the 
fibre is completely cellulosic. The stmcture of the
Page 1243
VR fibre is Cellulose II, where the cellulose unit cell 
is projected along the (010) lattice plane. The two 
other NFs used within this research are Cellulose I, 
where the cellulose unit cell is projected along the 
(100) lattice plane. This VR fibre is considered the 
highest quality ‘natural’ fibre utilized within this 
research but requires the most extensive processing 
during manufacture. The first step was to filament 
wind the yam around a f i ^ e  to form a 
unidirectional layer of reinforcement.
An E-glass CSM fabric was utilized within this 
research to act as a comparison for the NF fabrics.
The composites were manufactured by a vacuum 
assisted resin transfer molding process. All of the 
NF fabrics were dried for two hours at 105 °C 
immediately before composite manufacture to 
remove residual moisture. The specimens were 
produced fi*om these composites. A range of 
composites were manufactured using all of the resin 
systems previously discussed.
The fibre volume fraction of the composites was 
calculated using Archimedes density determination 
with canola oil for the solid resin, fibres and the final 
composites.
3.3 Residual Moisture With Natural Fibres And Its 
Effect On Mechanical Performance O f Composites
Owing to the hydrophilic nature of a NF, the NFs 
will absorb moisture fi’om the humidity within the 
surrounding air. This could be an issue for many 
types of thermosetting resin systems, as the cure of 
the resin can be inhibited due to the presence of 
water. The residual moisture within the NF could 
lead to a weakened fibre-matrix interface leading to 
a composite with lower mechanical performance.
This investigation examined the amount of residual 
moisture within the range of NFs and the effect that 
diying the fibres prior to composite manufacture had 
on mechanical performance. The fibres were stored 
at 20 °C with an approximate relative humidity of 
40 %.
The composites for this part of the study were 
manufactured using the unidirectional hemp fabric 
with the UP and the UMa resin systems. Two sets of 
fabric were used; one set used the fabric stored 
under normal conditions and the other set was dried
for two hours at 105 ®C immediately before 
composite manufacture.
3.4 Fracture Toughness O f Natural Fibre
Composites
One of the critical design considerations for 
composites is their ability to resist crack
propagation. The current understanding of fracture 
toughness for NF composites utilising thermosetting 
resin systems is limited. For NF composites to be 
considered as a structural material the fracture 
toughness needs to be investigated.
As the fracture toughness of standard thermosetting
resin systems is low compared with other
engineering materials, it is anticipated that the 
addition of minimally processed NFs should 
increase the fracture toughness of a thermosetting 
resin system through process such as crack 
deflection and fibre debonding, fracture and pull- 
out.
This investigation examined the fracture toughness 
of the hemp CSM composite compared with the 
unreinforced resin system and the E-glass CSM 
composite (test method given below).
3.5 Mechanical Testing
The resin systems were mechanically tested in 
tension according to BS EN ISO 527 -  Part 1: 96 
[7]. The 25 mm width coupon composite specimens 
were mechanically tested in tension according to BS 
EN ISO 527 -  Part 4: 97 [8]. The method used for 
measuring the fracture toughness of the hemp CSM 
composite and E-glass CSM composite was single 
edged notched in tension with associated compliance 
calibration [9].
All of the test procedures were conducted using an 
Instron quasi-static test machine (3382) with a 
50 kN load cell and a clip on extensometer (50 mm 
gauge length) to measure displacement (strain). The 
data was gathered using Bluehill2, Instron’s 
propriety software.
4 Results and Discussion
4.1 Tensile Strength o f Resin Systems
The tension test results for the thermosetting resin 
systems can be seen in Fig. 1. The two re-formulated
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resin systems with the raw materials derived from 
natural oils (SI and S2) displayed similar tensile 
strengths to the standard resin systems whilst 
decreasing the use of petrochemical based raw 
materials.
4.2 Tensile Strength o f Natural Fibre Composites
The tensile strength of composites with the UMa 
resin system are displayed in Fig. 2, and the 
associated fibre volume fractions are shown in 
Table. 1.
The use of the hemp CSM as a reinforcing medium 
reduced the tensile strength by half compared with 
the base resin. One possible explanation is that 
during composite manufacture there were regions 
that could not be infused, which caused porosity 
within the composite. This porosity could be causing 
stress concentrations and so failure at lower stresses. 
This porosity would also decrease the calculated 
fibre volume fraction due to buoyancy caused by 
these voids.
The unidirectional hemp fibre composite achieved a 
similar tensile strength compared with the E-glass 
CSM composite, when the NFs were aligned in the 
loading direction (obviously, being a unidirectional 
fabric, this peak tensile strength result only occurs 
when the fibres are aligned to the load direction). 
This composite also had a lower degree of porosity 
compared with the hemp CSM composite.
The VR composite achieved approximately double 
the tensile strength of the unidirectional hemp and 
E-glass composite. This was to be expected since 
the VR composite has double the fibre volume 
fraction compared with the unidirectional hemp 
composite. This composite achieved the highest 
tensile strength out of the cellulose based fibres, but 
this fibre also has the highest processing 
requirement. In addition, the transverse properties of 
this VR composite is lower than the E-glass CSM 
composite.
4.3 Residual Moisture within Natural Fibres and the 
Effect on Tensile Strength o f Composites
The results from residual moisture investigation 
have shown that the two naturally grown fibre 
fabrics had a moisture content of 8.9 % (hemp CSM) 
and 9.9 % (hemp UD) (Table 2). Perhaps as a result
of its slightly different cellulose structure, the VR 
composite had a moisture content of 12.6 %.
From diying the unidirectional hemp fibres before 
composite manufacture, the tensile strength of the 
composite increased by 25 % with the UP resin 
system and 60 % with the UMa resin system 
(Fig. 3). Since the UMa resin is known to be more 
sensitive to moisture than the UP resin, a more 
significant improvement in mechanical properties 
with the UMa composite was to be expected.
These results show that residual moisture within the 
fibres can have a significant detrimental effect on 
the mechanical performance of a composite.
4.4 Fracture Toughness o f the Hemp CSM 
Composite
The use of the hemp CSM fabric resulted in a 
fracture toughness value of 2.7 MPa m^^ for the 
composite. This result represents a factor of six 
increase compared with the resin system (Table 3). 
Unfortunately, the NF composite was still a factor of
4.5 lower in fracture touglmess compared with the 
E-glass CSM composite. The fracture surface of the 
hemp CSM composite and E-glass CSM composites 
are shown in Fig. 4 and 5 respectively.
Since the fibre volume fraction of the hemp CSM 
composite was lower by a factor of two than the 
E-glass CSM composite (Table 1), and the E-glass 
fibres are longer and of higher stiffriess, the results 
obtained were to be expected. As mentioned 
previously, there is porosity within the hemp CSM 
composite which would also reduce the fracture 
tou^mess of this material.
The fracture toughness result for the hemp CSM 
composite shows that even though the tensile 
strength of the hemp CSM composite is lower, 
compared with the resin system, it does greatly 
improve the fracture toughness of the resin system.
5 Concluding Remarks
Thermosetting resins, modified with bio-based 
constituents are seen as a sustainable alternative to 
standard petrochemical based polymers. The current 
(and ongoing) research has shown that polymers can 
be produced that can compete with the mechanical 
performance of commercially available systems.
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This has been achieved through consideration of the 
formulation of the resin system and consequent 
incorporation of constituents derived from natural 
oils at the development stage, rather than treating 
them as a bio-additive. Hence, the sustainability of 
commercial resin systems may be improved as the 
plants, from which the oils are derived, absorb CO2 
during their growth. With minimal processing, the 
raw materials based on natural oils could help offset 
the CO2 emitted from production of the other raw 
materials within the resin system leading to a CO2 
‘neutral’ (or even ‘negative’) product. The issue 
with using naturally grown oils is that they could 
compete with food production, which would incur a 
negative social impact. Consideration must also be 
given to the competition with the petrochemical 
industry to replace both polymers and fuels with 
‘green’ alternatives.
The ongoing research is developing a range of 
GFRP and NF composites, which utilize more 
sustainable resin systems. The results presented 
here show that such composites have the potential to 
be used in structural applications. One of the issues 
faced when using NFs is that in order to maximize 
performance of the composite a high degree of fibre 
processing is required. This may have a negative 
impact on the sustainability of the composite. The 
balance between sustainability and mechanical 
performance will ultimately govern the selected 
fibre processing route.
From selecting the correct quality and type of fibre 
and fabric architecture it could be possible to have 
NF composites that compete, in some applications, 
with synthetic fibre composites. It is likely that NF 
woven architectures are required for NF composites 
to compete with E-glass CSM composites. As these 
fibres are naturally grown, care should be taken in 
selecting and growing the correct fibre in order that 
fibres do not compete with food crops.
Moisture within a NF can greatly affect mechanical 
performance of a composite; NFs should be dried 
before composite manufacture with thermosetting 
resins to ensure optimum performance. Residual 
moisture should also be taken into account when 
comparing fibre treatment methods since the 
difference in performance between the methods
could be down to differences in the residual 
moisture.
For a green composite to be described as a 
sustainable alternative it must account for all of the 
possible environmental, social and economic 
impacts. The fact that a raw material is bio-derived 
does not automatically mean that it is a sustainable 
alternative. However, it is envisaged that sustainable 
composites that utilize resin based upon natural oils 
and NFs with some form of treatment will be used in 
structural and non-structural applications once these 
issues of confirming sustainability are addressed 
through life cycle assessment.
Fig. 1. Tensile strength of thermosetting resins
g  200
V 150
E-glass Hemp CSM Hemp UD VR UD 0
Fig. 2. Tensile strength of UMa/fibre reinforced 
composites
Table. 1. Fibre volume fractions of tested composites
Composite Type Fibre Volume Fraction
E-glass CSM 0.37 ± 0.05
Hemp CSM 0.16 ±0.05
Hemp 0° UD 0.32 ± 0.04
VR 0° UD 0.65 ± 0.02
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Table. 2. Fracture toughness of hemp CSM 
composite, including the base resin and E-glass 
CSM composite results
Material Type Fracture Toughness
(MPam^^)
UP Resin 0.41 ± 0.01
Hemp CSM Composite 2.7 ±0.1
E-glass CSM Composite 12.2 ±0.5
140 -1
B.
s  1 2 0 -  
%  100 -
g 80 -
s 60 -
Ç/Î
V 40 -
1 ?0  -
1 o] 1111
UP / Hemp UMe / UP / Dried UMe / 
UD 0° Hemp UD Hemp UD Dried Hemp 
0° 0° UD 0°
Fig. 3. Tensile strength of standard and dried hemp 
UD composites
Table. 3. Moisture content within natural fibres
Natural Fibre Type Moisture Content (%)
Hemp CSM 8.9 ±0.1
Hemp UD 9.9 ±0.1
Viscose Rayon 12.6 ±0.1
500pm
Fig. 4. Fracture surface of a hemp CSM composite
Fig. 5. Fracture surface of an E-glass CSM composite
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Abstract
Standard composite thermosetting resins are designed to he compatible with the sizing on a 
synthetic fibre. A natural fibre without surface modification will not create the desired 
interface in conjunction with these resin systems. This study examined the use of a coupling 
agent added directly to a compatible, cold curing urethane methacrylate resin system. 
Coupling agent concentrations of 0 wt%, 5 wt%, 10 wt% and 20 wt% of the total resin system 
were investigated. Using 20 wt% of coupling agent, a dried unidirectional twisted yarn hemp 
fabric laminate exhibited a tensile stiffness and strength increase of 31 % and 9 % 
respectively compared with a laminate that had no coupling agent.
1 Introduction
The development of green composites that can be economically competitive when compared 
with standard synthetic fibre composites is an important area of research. The common 
components for the manufacture of green composites are natural fibres and bio-based resin 
systems. Here, the focus is on bio-derived fibres firom vegetative feedstocks (cellulose based 
fibre). The resin systems commonly used with natural fibre are bio-derived thermoplastics, 
often designed for temporary structures (food packaging). However, for (semi-)permanent 
structures, a bio derived thermosetting resin may produce the optimum performance.
Depending on the features of the matrix and fibres, the resulting mechanical properties of the 
composite are determined by the chemical and associated mechanical characteristics of the 
interface [1]. Therefore, optimization of the fibre matrix interface strength is crucial to obtain 
the best performance of a composite. Standard thermosetting resins are designed to develop 
chemical bonds with the sizing on the surface of a synthetic fibre. However, these resin 
systems will not be optimized for natural fibres that have not undergone some form of fibre 
surface treatment. The techniques available for interface optimization are either fibre 
treatments or the addition of coupling agent directly to the resin system [2, 3]. The fibre 
treatment optimisation process aims to modify the surface in order to be compatible with the 
resin system where as a coupling agent added directly to the resin system aims to modify the 
resin to be compatible with natural fibres.
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Since the addition of a coupling agent to a resin system does not normally require a fibre 
treatment, the coupling agent process could have simpler manufacturing requirements than the 
fibre treatment method of interface modification.
Through selection of the appropriate coupling agent for natural fibre composites, utilising 
thermosetting resins, it could be possible to improve the resin-fibre interface strength. This 
improvement in interface strength could increase the bulk mechanical properties of a 
composite. An optimized system would require less fibre and matrix in order for a component 
to achieve the same desired stiffiiess or strength; assuming that fibre volume fractions and 
fabric architectures are identical.
2 Scope
The current study examines the use of a coupling agent specifically designed to improve the 
interface strength between a natural fibre and a thermosetting resin system. The mechanical 
properties of the selected resin with the coupling agent were first evaluated in order to 
understand the effect of coupling agent on the base resin system. Resin plaques with 0 wt%, 
5 wt%, 10 wt% and 20 wt% of coupling agent within the base resin were manufactured and 
mechanically tested. Natural fibre laminates were then manufactured and mechanically tested 
using these modified resin systems. The reason for selecting the coupling agent quantities, 
listed above, was to discover to optimum coupling agent addition to a resin system for a 
natural fibre composite.
3 Materials and Methods
3.1 Designing the coupling agent for natural fibres
A synthetic fibre, which is tailored for composites, has a coating applied to the fibres surface 
in order to promote adhesion between the inorganic, hydrophilic fibre and the organic, 
hydrophobic resin (and to protect the fibre during processing). A silane based coupling agent 
is a example of a fibre-resin adhesion promoter that has a hydrolysable fimctional group, 
which will react with the fibre surface to for a chemical bond, and a nonhydrolysable organic 
radical, which can react/cross-link vdth a resin system [4].
From understanding how a coupling agent was designed for a synthetic fibre, a coupling agent 
was developed to promote interface adhesion between the organic natural fibre and an organic 
thermosetting resin system. This coupling agent has a functional group that will form a 
chemical bond with the -OH groups on the surface of a natural fibre with another functional 
group with unsaturation for cross-linking. The coupling agent was developed and 
manufactured by Scott Bader Company Ltd.
Many thermosetting resin systems are sensitive to residual moisture within the natural fibre, 
this can have a detrimental affect on the final properties of the composite [5]. The coupling 
agent was specifically designed such that it does not develop water (condensation) from the 
reaction with the surface of the natural fibre.
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3.2 Resin compatibility
As the coupling agent is highly reactive with any -OH groups, not solely with the natural 
fibre surface, careful selection of an appropriate resin system was required. It was determined 
that unsaturated polyesters (UP) and vinyl esters (VE) would not be an appropriate choice. 
This was because UP’s are manufactured by condensation polymerisation (evolution of water) 
with a polyol excess (polymer chains are terminated with -OH groups). VE’s form -OH 
groups along the polymer backbone due to ring opening of the epoxide molecule.
The type of resin that could be used in conjunction with the coupling agent was a urethane 
methacrylate resin system (UMa). Urethane methacrylates are manufactured using an addition 
polymerisation process and where sites of imsaturation are at the extremities of the molecule. 
The specific UMa selected had no -OH groups present within the polymer. At the time of this 
study, the UMa resin system used within this investigation has no bio-derived content.
3.3 Modified resin systems
Using the UMa resin as the base resin, the coupling agent was added to the base resin system 
to form modified resin systems with 5 wt%, 10 wt% and 20 wt% of coupling agent. Plaques 
of solid resin were cast with these modified resin systems and specimens were manufactured 
fi*om these plaques. In order to assist the analysis of these modified resin systems, specimens 
were manufactured fi*om the base UMa resin (0 wt%), a typical UP and a typical VE. All of 
the resin systems were supplied by Scott Bader Company Ltd. The resin systems were cured 
and post cured according to the manufactures specification.
3.4 Natural fibre composites
A unidirectional hemp fabric, supplied by Engtex, was selected for the manufacture of natural 
fibre composites within this investigation. The fabric utilises yams of hemp fibre held 
together in parallel with a low tex cotton cross stitch. The yams have an approximate diameter 
of 0.75 mm and a twist of between 50 to 100 tums per metre. The fibres vrithin the yam are 
solely bast fibre and the fibres are adequately separated.
Unidirectional composites were manufactured by a vacuum assisted resin transfer process. 
The composites ustilised the UMa resin systems with 0 wt%, 5 wt%, 10 wt% and 20 wt% of 
coupling agent. Four layers of the fabric were used in order to create a laminate thickness of 
3 mm. The fabric was dried in an oven for two hours at 105 °C before lamination to remove 
residual moisture [5]. The cure system was adjusted so that all of the resin systems had a gel 
time of one hour by adjusting the catalyst and inhibitor quantities. After post cure, specimens 
were cut fi-om these laminates.
3.5 Mechanical testing
The resin systems were tested in tension according to BS EN ISO 527 -  Part 1: 1996 [6]. The 
composites were tested in tension according to BS EN ISO 527 -  Part 4 : 1997 [7]. The 
longitudinal (0°) and transverse (90°) fibre directions were evaluated for this investigation. 
The reason for selecting these test procedures was to develop an understanding of how the 
coupling agent affects the resin system and the resulting composite mechanical performance.
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The test procedures were conducted using an Instron quazi-static test machine (3392) with a 
50 kN load cell and, where applicable, a clip on extensometer (50 mm gauge length) to 
measure displacement (strain). The data was gathered using Bluehill2, Instron’s propriety 
software.
3.6 Fibre volume fraction determination
Since the standard methods of resin bum-off and acid digestion are not suited to natural fibre 
composites, the fibre volume fraction was determined by Archimedes density measurements. 
As natural fibres are hydrophilic, canola oil was selected as the immersion fluid. The density 
of the canola oil was measured using an density meter (Anton Paar DMA 4100M). Once the 
density of the fibres, solid resin and composite were measured it was possible to calculate the 
fibre volume fraction for that composite. Five specimens were used to determine the fibre 
volume fraction for each of the laminates with the different resin systems. Once the fibre 
volume fractions were calculated for each laminate it was be possible to calculate the 
estimated fibre stiffiiess within the composite using the rule of mixtures.
4 Results and Discussion
4.1 Modified resin systems
The tension test results for the thermosetting resin systems can be seen in Figure 1 and 2. 
Figure 1 displays the tensile stiffiiess and Figure 2 displays the peak tensile strength. The 
error within the figures corresponds to the error in the mean for that result. From examining 
the results in Figure 1 and 2 it was observed that an increasing addition of the coupling agent 
increased the stiffiiess and strength compared with the UMa base resin system. For a 20 wt% 
of coupling agent the tensile stiffiiess and strength increased by 22 % and 25 % respectively 
compared with the unmodified UMa resin.
Through conducting tensile experiments on the resin systems, it was observed that the tensile 
strain at break of the resin decreased proportionally to an increasing addition of coupling 
agent. The strain at break decreased from 6.8 % for the UMa (base) resin to 3.7 % for the 
UMa resin ivith 20 wt% of coupling agent. The reduction in strain at break was determined 
not be an issue for natural fibre composites since preliminary testing of the composites using 
UD hemp fabric demonstrated a maximum tensile strain at break of 1.9 %. Owing to the 
increase in mechanical properties due to the coupling agent, the effect of the resin system was 
taken into account when analyzing the composites utilizing the different resin systems.
Since the coupling agent was an unsaturated oligomer, the addition of the coupling agent to 
the base resin system acted to a similar process to the addition of styrene to the resin system. 
When extra styrene was added to tiie UMa resin the resulting modified resin had 
demonstrated an increase in stiffiiess and peak strength with a reduction in strain at break.
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Figure 1. Tensile stiffiiess of modified resin systems compared with standard thermosetting resins 
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Figure 2. Peak tensile strength of modified resin systems compared with standard thermosetting resins 
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Figure 3. Tensile stiffiiess of unidirectional hemp laminates with modified resin systems
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Figure 4. Tensile strength of unidirectional hemp laminates with modified resin systems
4.2 Natural fibre composites
The tension test results for the unidirectional hemp laminates using the modified resin 
systems can be seen in Figure 3 and 4. Figure 3 displays the tensile stiffiiess and Figure 4 
displays the tensile strength. The error within the figures corresponds to the error in the mean 
for that result.
It was observed that for laminates tension tested in the longitudinal (0°) fibre direction the 
coupling agent increased the tensile stiffness o f the laminate to a maximum at a 10 wt% of 
coupling agent (Figure 3). The addition of more coupling agent over the 10 wt% demonstrated 
no increase in tensile stiffiiess. Comparing this result with the laminate using UMa base resin 
system demonstrated a tensile strength increase o f 32 %. The tensile strength results showed a 
gradual increase in strength for increasing coupling agent content (Figure 4). By using an 
UMa resin with 20 wt% of coupling agent the laminate tensile strength increased by 9 % 
compared with a laminate using the UMa base resin.
A method for interpreting the effect of the coupling agent on interface strength was to analyse 
the tension results for the transverse fibre direction (90°). The tensile stiffiiess of the laminate 
reached its peak at a 5 wt% of the coupling agent, vsdth no improvement at greater coupling 
agent concentrations. Using the UMa resin with 5 wt% o f coupling agent, the laminate tensile 
stiffness increased by 32 % compared with a laminate using the UMa base resin. The addition 
of the coupling agent to the UMa resin has showed to decrease the laminate tensile strength. 
All of the laminates that utilised the coupling agent demonstrated a similar reduction in 
laminate tensile strength o f 8 % compared with a laminate using the UMa base resin.
4.3 Fibre volume fraction determination
The results from conducting density investigations o f the resin, fibre and composites the 
resulting fibre volume fraction o f these composites are listed in Table 1. From knowing the 
resin stiffiiess, composite stiffness and fibre volume fraction it was possible to calculate the 
fibre stiffness.
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Coupling Fibre Volume Composite Fibre Stiffness Fibre Stiffness
Agent [wt%] Fraction Stiffness [GPa] IGPal Gain [%]
0 0.29 9.7 27.2 0
5 0.30 11.6 32.2 18
10 0.33 12.8 33.0 21
20 0.30 12.7 35.2 29
Table 1. Fibre volume fraction and calculated fibre stiffiiess of using rule of mixtures for laminates using
modified resin systems
The calculations for the fibre volume fractions assume that there was no porosity within the 
composites. Any voids within the composite will affect the composite’s density, which in turn 
affects the calculated fibre volume fraction. Assuming that there was porosity present, there 
would have been a decrease in the measured density of composite, which would decrease the 
calculated fibre volume fi*actions. It means that there was a potential for the calculated fibre 
volume faction for each laminate to be an underestimate of the true fibre volume fraction. 
Through microscopy examinations of the cross-section of these composites (Figure 5), it was 
determined that as there was no noticeable porosity within the laminates, the calculated fibre 
volume fractions in Table 1 were close to the true value.
The calculated fibre stiffness, as seen in Table 1, is lower than recorded in literature for single 
hemp fibre (70 GPa [8]). This is because the composites within this investigation utilised a 
twisted yam. Even though the yams are perpendicular, the twist means that no all o f the fibres 
are perpendicular to the yam direction. The fibres at the extremities of the yam have a greater 
twist angle (Figure 5). An increase in the twist angle will reduce the yam stiffness within a 
composite [9]. However, a twist is necessary in order for the yam to be processed.
to o um Yarn Twist
Cotton Stitch
Figure 5. Cross section of a unidirectional hemp/urethane methacrylate composite showing a single yam and the
cotton cross stitch
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5 Concluding Remarks
The development of green composites is important for reducing the environmental impact of 
composites. The current (and ongoing) research has demonstrated that through the correct 
selection of the coupling agent for a thermosetting resin system, it is possible improve the 
stiffiiess and strength of a natural fibre composite without the requirement for advanced fibre 
treatment processes. This development has been achieved throu^ consideration of the resin 
formulation and the requirements of the fibre-matrix interface. Through improving the 
strength and stiffiiess of a natural fibre composite it will signify a reduction in the mass of 
material required for a component to meet a specific stiffiiess and strength requirement. 
Reducing the amount material required is the highest preferred method for waste 
prevention [10]. This research has improved the viability of natural fibre polymer composites 
as a potential replacement for synthetic fibre polymer composites.
Since the research has demonstrated the benefits of this coupling agent with the UMa resin 
system the future aim of this research will be to optimise the current coupling agent as well as 
investigate other types of coupling agent for thermosetting resins.
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1 Introduction
Owing to the continually increasing global 
population and more widespread industrialisation 
(particularly with respect to the developing world’s 
aspirations to equality of standard of living), the 
extraction and use of materials is constantly 
expanding. These materials are critical for humans 
to function as a society in order to construct the 
necessary tools and components required.
This ever-increasing demand for materials has meant 
that certain resources are becoming continually 
scarcer. This can be noticed clearly in the increasing 
price of commodities over the recent decades [1]. 
Those commodities which are in high demand, such 
as oil and rare earths, are prone to short term 
volatility in their price, irrespective of the cost of 
extraction or production [2, 3]. In many cases, such 
as those where the resource is dependent on specific 
geological formations or minerals, this is due to 
political and social instability within the few 
countries where these resources are found [4].
The polymer matrix composite materials sector has 
seen a surge in growth over the last few decades [5]. 
The polymer matrix within a composite is normally 
derived from petrochemicals with the synthetic fibre, 
commonly glass and carbon, requiring high amounts 
of energy during manufacture. As the price of raw 
materials for resin is heavily dependent on 
petrochemical price fluctuations, there has been a 
greater focus on deriving these resins from bio-based 
sources. Even though some types of synthetic fibre 
are not derived from petrochemicals, the energy
used in the manufacturing process could ultimately 
be petrochemical in origin.
The development of ‘green’ composites that can be 
economically competitive when compared with 
standard synthetic fibre composites is an important 
area of research. Here ‘green’ is taken to mean a 
product that is less harmful to the environment than 
existing alternatives. Resin manufacturers have also 
been focusing on social and environmental factors 
during the manufacture and processing required for 
their resin systems. This is normally in the form of a 
‘Sustainability Agenda’ [6, 7]. However, it is not 
always obvious how such green credentials are 
determined and the term sustainability has different 
meanings depending on the context in which it is 
used
The common components for the manufacture of 
green composites are natural fibres and bio-based 
resin systems. Natural fibres come in many forms 
fi-om many sources [8]. They include various plant 
and animal fibres, but in general there are two key 
features: ‘as produced’ fibres tend to be short and 
are lacking in the uniformity one finds in 
manufactured fibres. Whilst these fibres do have 
interesting properties that merit further attention, and 
whilst there is the potential to process them to a 
greater or lesser extent in order to produce more 
uniform and longer fibres, there is perhaps greater 
potential in the investigation of resin systems and 
the processes by which they can be made greener.
In a collaborative project between the University of 
Surrey and Scott Bader Company Ltd., both aspects
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are being investigated e.g. [9-11]. In previous work 
by the authors, sustainability has been measured in 
terms of the proportion of the resin system that has 
been replaced by a bioderived oil, displacing fossil 
based petrochemicals [11]. Here, the focus is on 
providing a more robust assessment of the ‘green 
credentials’ of this class of materials. To this end. 
Life Cycle Analysis (LCA, sometimes referred to as 
Life Cycle Assessment) has been undertaken in 
order to assess existing options and to provide a 
baseline against which alternatives can be compared.
LCA is a generic term for a range of ‘inventory’ 
techniques: as with many concepts whose “time has 
come” LCA methodologies appeared independently 
in multiple places during the late 1960s and early 
1970s [12]. Fundamentally, the purpose of such 
inventory techniques is to gather all available 
information on the production, use and disposal of a 
given item and hence to determine the impact of the 
item on the environment. (The specific 
methodology used in this study is outlined in section
3).
Some products are easier to assess than others. For 
example products which are feedstocks for multiple 
users are much more complex to provide an 
inventory for, and of course polymers and polymer 
matrix composites fall into this category. The 
important thing to carry forward is that whilst it is 
not always possible to provide an assessment that is 
perfectly accurate, usually due to the lack of good 
quality (or any) data when preparing the inventory. 
This can be perceived as a major barrier to carrying 
out an assessment, but even more generalised 
assessments can be valuable in highlighting issues 
within the production, use and disposal of an item. 
Another perceived issue is the complexity of 
processing and manufacturing, but streamlining 
methodologies have been found to be very 
successful in highlighting issues in production which 
would not be captured if LCA is reserved as a 
corporate strategic tool e.g. [13].
LCA of polymer resins typically used in composite 
systems has been carried out previously, e.g. [14-16], 
but whilst rigorous these studies follow typical LCA 
processes and limit the scope of the study quite 
severely, making many assumptions to simplify the 
case as much as possible. The current work has
developed a multi-stage methodology which is much 
more relevant for the batch processes used to 
manufacture many structural thermosetting polymer 
systems.
The structure of the paper is as follows. In the next 
section the materials assessed in the current study 
are specified whilst, as mentioned, in section 3 the 
methodology used is presented in more detail. 
Results are presented and discussed in section 4 and 
the paper closes with section 5, Concluding Remarks.
2 Materials
Whilst several systems have been considered within 
the larger project the current work will focus on 
Scott Bader’s Crestapol® technology. This is a 
urethane methacrylate (UMa) system and a 
development thermosetting resin, based upon this 
system, has been manufactured by Scott Bader 
Company Ltd. This development system substitutes 
some of the petrochemical based raw materials with 
(vegetable) oils: in previous work it has been noted 
that the vegetable oils used in this work are active 
constituents not inactive fillers. This development 
resin system has similar production costs and shows 
similar mechanical performance compared to the 
standard thermosetting resin system [11].
As the formulation of the resin systems utilise 
specialist monomers, the data for some of these 
chemicals were not available. In some cases it was 
necessary to use data for another isomer of that 
chemical and it was thus assumed that the supply 
chain and production conditions for two isomers 
would be quite similar. Where a similar chemical 
could not be selected, the model still included it as a 
flow but not linked to any data. However, when the 
relevant data becomes available in the future, this 
information can be easily inserted into the model. 
This is discussed further in the Methodology.
It should be noted that the data used within this 
study did not describe the purity (grade) of the raw 
material. The purity of a chemical can be an 
important factor in some resin formulations, and this 
can be of significance if the steps required to obtain
Page 1257
ICCM19 3647
SHADES OF GREEN: PRELIMINARY LCA OF BIOBASED POLYMER
RESINS FOR COMPOSITE MATERIALS
high grade materials are energy intensive, as may be 
the case for components obtained through, for 
example, distillation or membrane filtration.
Owing to the commercial sensitivity of data used to 
calculate the LCA, details of specific constituents 
and their masses have been omitted.
3 Methodology
An environmental life cycle assessment (LCA) is 
carried out to assess the environmental impact of a 
material or product over a period of the life of the 
product. The “gold standard” of LCAs for a finished 
product is to consider the material fi'om raw material 
extraction/sourcing, commonly known as the 
‘cradle’ right through to the processing of a 
discarded item and its processing in order to produce 
raw materials for another product: this is referred to 
as a “cradle-to-cradle” assessment. In practice the 
item may be discarded for a variety of reasons that 
prohibit reuse or recycling and it may only be 
possible to consider disposal in a “cradle-to-grave” 
manner. If a product has potentially unlimited uses, 
usually because it is raw material for another 
product, the LCA is often conducted only up until 
the end of manufacture for the original product (in 
the form which it is sold to another customer). This 
is called a ‘cradle-to-gate’/ ’cradle-to-factory gate’ 
study.
Whatever the extent of the LCA, the aim is to 
account for the inputs (materials and energy) and 
outputs across the various stages involved in the 
manufacture of a product, and where possible it’s 
use and disposal. It is fi-om this analysis that the 
environmental impact of that product (or service) 
can be assessed comprehensively. LCA has become 
the central concept for both environmental 
management within industry and governmental 
environmental policy making [17]. The international 
standards that cover LCA are BS EN ISO 14040 
(Principles and Framework) and BS EN ISO 14044 
(Requirements and Guidelines) [18,19].
The Crestapol® system is used in a wide range of 
applications and tiierefore in the current context a 
‘cradle-to-cradle’ assessment is not possible and a 
‘cradle-to-grave’ LCA would not be appropriate.
Instead, current work focusses on the production of 
the resin in a “cradle-to-gate” analysis: here ‘gate’ is 
taken to mean the output fi-om the reactor, rather 
than the factory gate, as subsequent effects are (a) 
negligible and (b) the same for all systems produced.
Initially, the material flow for the LCA was broken 
down into five main areas, which cover ‘cradle-to- 
grave’. These areas are the manufacture of the raw 
materials and transport to site (“Wider System”), 
pre-processing and site distribution (“Scott Bader” 
from Goods In to Reactor In), the production process 
(“Reactor” from Reactor In to Reactor Out), post­
processing (from Reactor Out to Goods Out) and 
Lifetime (Goods Out to End of Life). For the 
current ‘cradle-to-gate’ analysis, the latter two stages 
were not included.
Where LCAs are carried out for polymers, the 
production stage is usually treated as one process 
and various assumptions are made to account for the 
different steps in the manufacturing process. Here, 
the Reactor stage was broken down into four sub­
stages in order to more accurately assess the energy 
used during batch production. The sensitivity of the 
system to changes in raw materials was investigated.
Within the model, data were not available for 
approximately 20 % of the final mass. Whilst this is 
not an ideal situation for an LCA, it is by no means 
unusual and is discussed in depth in the Handbook 
on Life Cycle Assessment [20]. It is suggested that 
typically one can “cut off” a flow for which there is 
insufficient data if it contributes less than 2.5% of 
the total flow. (This can be measured in economic 
or mass terms). Whilst no guidance is provided on 
what the total amount of omitted mass can be, it is 
acknowledged that 20% of the final mass is quite a 
considerable component to omit from consideration. 
However, these components are a) minor 
constituents and b) are generally found in both the 
commercial and developmental resins and can 
therefore be treated as having a comparable effect on 
both systems.
The analysis was carried out using GaBi software 
(v4.4 PE International) supported by the Ecolnvent 
database. Site data were collected at Scott Bader’s 
production facility in Wollaston, UK,
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The LCA considers a number of environmental
impact categories:
• Acidification Potential (AP) (kg SO2 equiv.)
• Eutrophication Potential (EP) (kg phosphate 
equiv.)
• Freshwater Aquatic Ecotoxicity Potential (FAEP) 
(kg DCB equiv.)
• Global Warming Potential (GWP) (100 years) 
(kg. CO2 equiv.)
• Human Toxicity Potential (HTP) (kg DCB 
equiv.)
• Ozone Layer Depletion Potential (OLDP) (kg 
R11 equiv.)
• Photochemical Ozone Creation Potential (POCP) 
(kg Ethene equiv.)
• Terrestric Ecotoxicity Potential (TEP) (kg DCB 
equiv.)
In the next section, the findings of the LCA are 
presented in the light of these impact categories.
4 Results and Discussion
4.1 Results
The contributions to environmental impact of the 
resin system are presented in Fig. 1, where data has 
been normalised against the calculated total impacts 
of the European Union. Photochemical ozone 
creation potential (POCP) followed by Acidification 
potential (AP) and Global Warming Potential 
(GWP) were the categories having the highest 
relative impact: other contributions were at levels 
approximately one fifth (or lower) of those of the 
three main impact categories.
The Crestapol® resin system can to some extent be 
validated by benchmarking the quantitative results 
with published results for other similar resin systems. 
Through the Ecoinvent database there is information 
on the cradle-to-gate impacts of a typical unsaturated 
polyester resin system and a typical epoxy resin 
system. The selected results for comparison are the 
energy input and the Global Warming Potential 
(GWP) as these are considered key concerns in 
terms of cost and environmental impact respectively. 
The data for the three systems is presented in Table
I. Note that these quantitative results are for 
indicative purposes only and should not be 
considered as the energy or carbon footprints of 
these products. However it is interesting to note that 
the ratio of Energy Input to GWP is approximately 
equal for both the Crestapol® and Epoxy systems 
(-20 MJ/kg CO2) and that the Unsaturated Polyester 
is slightly smaller, at -17 MJ/kg CO2). At this stage 
it is difficult to conclude anything specific from this, 
particularly given the issue of the mass flows that 
could not be incorporated into the model.
4.2 Onsite Impact vs. Constituents
POCP is attributed to the photo-oxidant formation of 
nitrogen oxides and volatile organic compounds. 
These reactive compounds can be hazardous to 
human health as well as causing crop damage [21]. 
AP is caused when acid gases are absorbed by 
atmospheric precipitations. As a result, this 
acidified rain can cause leaf damage and 
superacidity of soil, both of which negatively affect 
the growth of plants. GWP is the effect of rising 
average atmospheric temperature due to the 
absorption of solar radiation by the atmosphere due 
to the accumulation of particular gases such as 
carbon dioxide, methane and nitrous oxide in the 
atmosphere. This impact has been linked with 
increased climatic disturbance, rising sea levels and 
desertification [22]. HTP relates to the emission of 
substances, such as heavy metals, that have a 
negative effect on human health. The two carriers of 
this toxicity are air and water [22].
When the impact of the materials and processing 
were split it was observed that:
• POCP was mostly attributable to the 
materials: all of the processing for the 
manufacture of the resin system (the on-site 
input) contributed just 0.03 % to the POCP.
• AP was also significantly affected by the 
materials component: all of the processing 
for the manufacture of the resin system 
(onsite input) contributed just 0.06 %.
• GWP (100 years) was substantially affected 
by the materials. All of the processing for 
the manufacture of the resin system (onsite 
input) contributed just 0.21 % to the global 
warming potential.
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• whilst the impact of HTP was low on the list 
of normalised impacts (a tenth of the 
contribution compared with GWP, Figure 1) 
it is raised as a potential area of concern 
because this was the impact category in 
which the apparent dominance of the 
diluents in terms of contribution to the 
impact was not upheld.
However, whilst these impacts represent the whole 
“cradle-to-gate” process, the contribution from the 
production process itself is negligible: most issues 
arise from the extraction of raw materials and 
refinement/purification of the resin constituents.
43 Disproportionate impacts
Once the materials segments were broken down to 
the relative contribution of each of the resin 
components, it was found that the diluents 
contributed:
• 81 % of the POCP impact.
• 73.1 % of the AP impact.
• 72 % of the GWP impact.
Clearly, therefore, diluents represent an area of 
interest for those looking to reduce material related 
impacts. Whilst the role of the diluent has 
historically been crucial (particularly with respect to 
UP resin systems) in taking a material from an 
interesting but uneconomic material to a commercial 
success with widespread applications, in order to 
maintain this usage it is necessary to identify 
alternative diluents (or alternatives to diluents) with 
reduced impact upon the environment.
Further, when the impact of the materials and 
processing were split it was observed that one part of 
the blended system, representing around 20% of the 
Crestapol® resin system’s mass, was responsible for 
64 % of the human toxicity potential. Further 
analysis showed that of this part, one monomer was 
the main contributor to the impact, (52.9 % of the 
HTP), despite contributing less than 2.5 % of the 
Crestapol® resin system’s mass. This too, therefore 
indicates a particular area for scrutiny.
The data summarised in Table 1 suggest that the 
model used is providing numbers that are in the right 
ball park for resin systems. It was expected that the 
Energy Input and GWP of the Crestapol® resin 
system would be close to the results for the 
unsaturated polyester and epoxy resin systems 
because they both manufactured from petrochemical 
based feedstocks. Without over interpreting the 
findings, especially when it is not possible to 
compare the system boundaries and assumptions for 
the LCAs of the three resins, it is worth noting that a 
possible explanation as to why the Crestapol® resin 
had a lower Energy Input and GWP is that the raw 
materials are different to the raw materials used in 
the unsaturated polyester and epoxy resins and there 
may be the chance that the 20% of mass of material 
omitted may be responsible for this difference .
4.4 Discussion
The assessment presented here has shown that for 
the resin system under consideration, the on-site 
contributions to environmental impacts are 
comparatively minor compared to those associated 
with the manufacture/collection of the primary raw 
materials. This analysis does not mean that resin 
manufacturers have no control over reducing 
environmental impacts. The results of the LCA 
suggest that there are two groups of people who 
have the potential to significantly reduce the 
environmental impact of resin systems: the polymer 
chemists and the purchasers of raw materials.
For example, the formulation (the monomers that 
make the polymer, and including the diluents that 
aid processabilty) of the resin system, can be revised 
with a focus on options with lower environmental 
impacts when developing new products. At the 
same time, the suppliers of the raw materials can be 
selected based upon the environmental impact of 
their product (e.g. there is usually more than one 
manufacturing method for a particular monomer and 
different manufacturers may have access to different 
energy sources some of which may be less carbon 
intensive). Even if the raw material is sourced 
further afield, the extra transportation environmental 
impact could be lower than the improved 
environmental impact of that particular raw material.
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Interestingly, it should be noted that for the options 
available within the current study (i.e. oils derived 
from petrochemical or vegetable sources), it appears 
that the environmental impacts are relatively 
insensitive to production route. The contributions 
from fertilisers and harvesting are comparable to 
extraction from the ground. However, there is much 
potential for examining the choice of monomers and 
assessing their contribution to mechanical properties 
against their environmental impacts, as there can be 
as much as an order of magnitude difference in e.g. 
GWP.
As it is common practice to adjust the monomer 
concentrations within the formulation to form a new 
system, this alteration could have an effect for the 
environmental impacts. For example, the current 
analysis has shown that the majority of the human 
toxicity environmental impact of the resin system 
was attributed to a monomer that was less than
2.5 % of the formulation. Thus if the concentration 
of that monomer in the formulation was increased 
then the human toxicity potential could become an 
impact of concern.
To further assist in understanding the potential issue 
of adjustments to a formulation. Table 2 shows some 
of the environmental impact categories for a 
selection of monomers (mass of I kg) from the 
Ecoinvent database (European averages). The data 
within this table shows that some monomers can 
have greater environmental impacts than other 
monomers by a factor of ten.
5 Concluding Remarks
In order to understand the environmental impacts of 
the thermosetting resin systems manufactured by 
Scott Bader Company Ltd. an environmental life 
cycle assessment was conducted. This assessment 
focused on the manufacture of a urethane 
methacrylate resin system from the Crestapol® 
range and compared this with a developmental resin, 
which uses vegetable oils as a functional 
replacement for a proportion of the petrochemical 
feedstock.
A model for the manufacture of this resin system 
was created using GaBi software with data on the
cradle-to-gate impacts of raw material production 
sourced from the Ecoinvent database.
The results from this model showed that the three 
environmental impact categories of interest were 
photochemical ozone creation potential, acidification 
potential and global warming potential. The results 
also illustrated that the on-site input within these 
environmental impact categories was less than 0.2 % 
of the impact for all impact categories. This is not to 
say that improvements to the production and on-site 
phases cannot be made.
Unusually, a full break down of the processing stage 
was considered: whilst the “reactor” stage will not 
be the same for all thermosetting polymers it is 
noted that this is a worthwhile exercise to undertake, 
and enables a manufactuerr to target particular areas 
of their operation in order to improve efficiency and 
decrease harmful emissions. These are particularly 
associated with the energy usage and its form on site.
As a consequence of the analysis, it has been 
demonstrated that significant improvements to the 
environmental impacts of resin systems can be made 
through the choice of particular monomers and the 
choice of suppliers with access to more energy 
efficient and environmentally benign processes and 
less carbon intensive energy mixes.
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Table 1. Quantitative energy input and GWP for the 
Crestapol 1212 compared with an unsaturated polyester
Resin Type
Energy Input 
(M J  kg'* of 
resin)
GWP 
(kg COz kg * 
of resin)
Crestapol ® 117 5.7
Unsaturated Polyester 128 7.6
Epoxy 139 6.7
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Table 2. Environmental impacts for a selection of monomers from the Eco-invent LCA database
Monomer (1 kg)
Global Warming 
Potential 
(kg CO2 equiv.) 
per kg of 
monomer
Acidification 
Potential 
(1% SO2 equiv.) 
per kg of 
monomer
Human Toxicity 
Potential 
(kg DCB equiv.) 
per kg of 
monomer
Photochem. 
Ozone Creation 
Potential 
(kg Ethene 
equiv.) per kg of 
monomer
Adipic Acid 25.50 0.023 11.02 0.0041
Terephthalic Acid 1.85 0.006 0.67 0.0011
Acrylic Acid 2.88 0.005 0.27 0.0010
Diethylene Glycol 1.11 0.004 0.43 0.0008
Ethylene Glycol 1.62 0.005 0.64 0.0011
Propylene Glycol 4.24 0.017 13.54 0.0031
Styrene 3.23 0.010 0.35 0.0018
Methyl Methacrylate 6.67 0.034 0.31 0.0062
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Appendix V
Green composites: sustainability and 
mechanical performance
J. M. Chard* ,^ G. Creech^ D. A Jesson  ^ and P. A. Smith^
This study considers the mechanical properties of a range of thermosetting resin systems, 
including systems with bioderived content, and associated natural fibre composites. The 
bioderived resin systems (22 and 40% biocontent) demonstrated similar tensile strength to 
standard resin systems, indicating their potential to be a substitute for such systems. To optimise 
the performance of the natural fibre composites, the reinforcement needed to be dried before 
composite processing. The stiffness and strength of the natural fibre systems improved with 
degree of alignment, as expected, and with the use of a semiprocessed fibre; in this way, the 
properties approached those of chopped strand mat E-glass composites. Even the natural fibre 
composite with the lowest tensile performance still demonstrated a fracture toughness that was 
halfway in between the E-glass composite and the resin system.
Keywords: Natural fibres, Mechanical properties
Introduction
The development of ‘green’ composite materials that can 
be (economically) competitive replacements for glass fibre 
reinforced polymer (GFRP) composites is an important 
area of research. For a ‘green’ composite to be classed 
as a sustainable alternative, the manufacture,*-^ use'* and 
disposal phases '^  ^need to be considered.
Natural fibre composites utilise a range of fibres that 
occur in nature to produce systems that are perceived as 
‘green’. Since there is a range of cultivars and growing 
techniques, -^  ^fibre isolation methods*®"*^  and other treat­
ment processes available,*'*"*^  natural fibres for composites 
might not be deemed a sustainable option once these 
economic, energy and environmental costs are taken into 
account.
In addition to the option of using natural fibres, ‘green’ 
polymers are also available:*  ^some are promoted for use 
in packaging because of their ability to biodegrade, 
although questions over the sustainability of the manu­
facture of these polymers are often left unanswered. A 
common technique for improving the ‘green’ credentials 
of a standard thermoset resin is to incorporate a 
functionalised vegetable oil.^ * These modifications can 
decrease the performance of the base resin for two 
reasons. Where there is no chemical reaction, the cross- 
linked network may be disrupted, but when the modifica­
tion reacts with the other constituents, the optimum 
proportions of resin and cross-linking agent/hardener are 
disturbed.^^ (The chemical reactions associated with such 
modifications will, of course, vary between resin systems.)
University of Surrey, Guildford, Surrey, UK 
^Scott Bader Company Ltd, Wollaston, UK
♦Corresponding author, email J.Chard@surrey.ac.uk
Non-structural natural fibre composites have already 
been commercialised in a range of applications, includ­
ing natural fibre/bioderived thermoplastic composites 
used for car inlays and internal door panels.^^’ Since 
natural fibres have a lower density than glass, the 
specific properties of these composites are suitable for 
automotive applications. For natural fibre to fully 
substitute glass fibre, commonly used in conjunction 
with thermosetting resins, for structural components, 
high performance natural fibre composites need to be 
developed.
Some of the previously identified issues with natural 
fibre composites are the lower than expected mechanical 
performance^^ and the highly hydrophilic nature of the 
fibre.^  ^ It has been demonstrated that optimising the 
resin/fibre interface is one method that has the potential 
to improve the final composite performance. This can 
be achieved through physicaF^"^  ^ or chemical treat- 
ments*®’**'’^ '*-^  ^of the fibre and by matrix modification.*'* 
These optimisations can be expensive, which has the 
potential to reduce their industrial viability (as well as 
having a negative environmental impact).
The present work is part of a wider study concerned 
with developing sustainable composites for engineering 
applications. This paper considers the mechanical char­
acterisation of bioderived thermosetting resin systems 
and natural fibre composites. Conventional resins and a 
glass chopped strand mat (CSM) composite are used as 
benchmarks.
Materials and methods 
Modified resin systems
For the majority of composites, the largest contribution 
to the environmental impact of the manufacture of a 
composite is the resin system used.^ Therefore, imple­
menting sustainable changes to the resin system would
© Institu te of M aterials, Minerals and Mining 2012 
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achieve the largest positive impact on the sustainability 
of the final composite. For sustainable changes to a resin 
system to be commercially viable, the ‘more sustainable’ 
resin system will need to achieve similar physical and 
mechanical performance and be financially competitive 
when compared with the standard resin system. A 
particular aim of the current work is to investigate 
whether, by reformulating the resin with ‘green’ content, 
it is possible to achieve similar mechanical performance 
compared with standard thermosetting resins.
Thermosetting resins are manufactured with multiple 
petrochemical based raw materials. It means that in 
order for sustainable changes to a resin system to be 
effectual, reformulation of the base resin with sustain­
able raw materials is required.^^
Two developmental thermosetting resins, based upon 
Crestapol urethane methacrylate technology,^  ^ have 
been manufactured by Scott Bader Company Ltd. 
These resin systems substitute some of the petrochemical 
based raw materials with vegetable oils. The resin 
designated sustainable no. 1 (SI) contains 22 vol.-% of 
vegetable oils, while sustainable no. 2 (S2) contains 
40 vol.-%. (It should be noted that these oils are selected 
for their ability to react chemically with the other 
constituents rather than to remain as a separate, 
dispersed phase.) These developmental resin systems 
have similar production costs and are expected to 
achieve similar mechanical performance compared to 
standard thermosetting resin systems.
The standard thermosetting resins used for compar­
ison are cold (room temperature) curing unsaturated 
polyesters (UPs), vinyl esters (VEs) and urethane 
methacrylates (UMas); these resin systems were also 
supplied by Scott Bader Company Ltd.
Natural fibres
Introduction
Substituting natural fibres for synthetic fibres is seen as 
another method for improving the sustainability of a 
composite as a result of the lower energy requirements 
associated with production and processing of natural 
fibres compared with synthetic fibres.
Depending on the type and growth conditions of the 
selected natural fibre, and subsequent processing, the 
diameter of the fibre commonly varies between 5 and 
80 pm, but diameters of one to two orders of magnitude 
greater have been observed. Again, depending upon the 
conditions mentioned above, the length of natural fibres 
can vary from 0 4 to 250 mm.^  ^As the diameter of E- 
glass fibre used in the majority of E-glass composites is 
within the same diameter range of natural fibres, it 
means that natural fibres could be substituted for E- 
glass within a composite without the need for substantial 
changes to the composite manufacture process or resin 
system.
Owing to the hydrophilic nature of a natural fibre, the 
natural fibres will absorb moisture from the humidity 
within the surrounding air. This could be a problem for 
many types of thermosetting resin systems, as the cure of 
the resin can be inhibited due to the presence of water. 
The residual moisture within the natural fibre could lead 
to a weakened fibre/matrix interface, leading to a 
composite with lower mechanical performance.
In order to understand the optimum configuration for 
a natural fibre composite, a range of fibre types and
architectures need to be investigated. The range of fibres 
used within this research varied from low quality, 
minimally processed to high quality, highly processed.
Naturally grown fibre
Hemp CSM, supplied by Hemp Technology, is a needle 
punched non-woven fabric. The majority of fibres within 
this fabric are bast fibre, determined by visual inspec­
tion, with a low quantity of core fibre and other organic 
particulate contaminates. From examining the fabric, it 
has been deduced that the fibres are not fully separated. 
Compared with the other natural fibre fabrics used 
within this research, this fabric is considered the lowest 
quality material used within the current study.
A unidirectional (UD) hemp fibre fabric, supplied by 
Engtex, uses yams of hemp fibre held together in parallel 
by a cotton cross-stitch. The yarns have an approximate 
diameter of 0-75 nun and a twist of between 50 and 100 
tums/m. The fibres within the yam are solely bast fibre, 
and the fibres are almost completely separated. From 
examining this fabric, it was concluded to be of higher 
quality but requires a higher level of processing during 
manufacture compared with the hemp CSM.
Reformed fibre
Viscose rayon (VR) fibre yam, supplied by Cordenka 
GmbH, is a continuous fibre of reformed cellulose.'*® 
Even though this fibre has uniform cross-section, similar 
to E-glass, the composition of the fibre is completely 
cellulosic. This is because the raw material for this fibre 
is wood. The stmcture of the VR fibre is cellulose II, 
where the cellulose unit cell is projected along the (010) 
lattice plane.'** The other natural fibre used within this 
research is cellulose I, where the cellulose unit cell is 
projected along the (100) lattice plane. The crystal 
structure of the microfibrils within VR, cellulose II, has 
an elastic modulus in the direction parallel to the chain 
axis of 88 GPa, while the microfibrils within natural 
fibres, cellulose I, have an elastic modulus of 138 GPa.'*  ^
This VR fibre is considered the highest quality natural 
fibre utilised within this research but requires the most 
extensive processing during manufacture compared with 
the other natural fibre fabrics.
Manufacturing methods
Resin plaques, measuring 250 x 250 x 3 mm, were 
cast between glass plates for each of the five systems. 
These systems were cured following the manufacturer’s 
specification.
The hemp CSM and UD fabrics were supplied in a 
form such that production of composites required no 
preprocessing. The VR was supplied as a continuous 
yarn, and so before laminating, the yarn was wound 
around a frame to form a UD layer of reinforcement. 
All of the natural fibres were dried for 2 h at 105°C 
immediately before composite manufacture to remove 
residual moisture.
Composite laminates were manufactured by a vacuum 
assisted resin transfer moulding process. The specimens 
for testing were produced from these composites. A 
range of composites were manufactured using all of the 
resin systems previously discussed. The fibre volume 
fraction of these composites was calculated using the 
Archimedes density determination with canola oil for 
the solid resin, fibres and the final composites.
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To evaluate the quantity o f residual moisture within 
the range of natural fibres used within this study and its 
effect on composite performance, composites were also 
manufactured using undried fibres. The fibres absorbed 
water content (—10 wt-%) during storage. Storage on 
site was at 20°C with an approximate relative humidity 
of 40%. Composites based on undried reinforcement 
were manufactured using the UD hemp fabric with UP 
and U M a resin systems.
An E-glass CSM fabric was utilised within this 
research to act as a comparison for the natural fibre 
fabrics.
Mechanical testing
Tensile testing
Resin dog bone shaped systems were tested according to 
BS EN ISO 527 Part 1:96,“*^  while composite coupon 
specimens were tested according to BS EN ISO 527 Part 
4:97.'*'* All o f the tests were conducted using an Instron 
3382 quasi-static test machine with a 50 kN load cell and 
a clip on extensometer (50 mm gauge length) to measure 
displacement (strain). The data were gathered using 
Bluehill2, Instron’s proprietary software.
Fracture toughness testing
One o f the critical design considerations for composites 
is their ability to resist crack propagation. The current 
understanding of fracture toughness for natural fibre 
composites utilising thermosetting resin systems is 
limited. F or natural fibre composites to be considered 
as a structural material, the fracture toughness needs to 
be investigated.
As the fracture toughness of standard thermosetting 
resin systems is low compared with other engineering 
materials,'*^ it is anticipated that the addition of 
minimally processed natural fibres should increase the 
fracture toughness of a thermosetting resin system 
through processes such as crack deflection and fibre 
debonding, fracture and pullout.
This investigation examined the fracture toughness 
of the hemp CSM composite in comparison to the 
unreinforced resin system and the E-glass CSM compo­
site. The method used for measuring the fracture 
toughness of the hemp CSM composite and E-glass 
CSM composite was based on a single edged notch 
specimen geometry using a compliance calibration 
method'*^ to determine the fracture mechanics para­
meters as a function of crack length. The single edged 
notch specimen gauge length was 200  mm, and the 
width was 20 mm. The fracture experiments were carried
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out using cracks o f varying lengths, and the fracture 
toughness values reported here are average values.
Results and discussion
Tensile properties of resin systems
The tensile stiffness and strength results for the therm o­
setting resin systems can be seen in Figs. 1 and 2 
respectively. The reported error in the columns represents 
the error in the mean value from testing 10 specimens. 
The two sustainable resin systems (SI and S2) showed 
similar tensile stiffness and strengths compared with the 
standard resin systems. By reducing the reliance on 
petrochemical based raw materials within thermosetting 
resin systems, it has the potential to improve the 
sustainability o f resin systems.
Tensile strength of natural fibre composites
The tensile stiffness and strength for composites based 
on the U M a resin system are displayed in Figs. 3 and 4, 
and the associated fibre volume fractions are shown in 
Table 1. The stress strain graph for each composite can 
be seen in Fig. 5 in which the curve for the unreinforced 
U M a resin system has been added to Fig. 5 as a 
comparison.
The tensile stiffness for the hemp CSM composite was 
comparable with the value for the U M a base resin. 
However, the strength of the hemp CSM composite 
was around half that of the base resin. One possible 
explanation is that during composite manufacture, there 
were regions that could not be infused, which caused 
porosity within the composite. This porosity could have 
caused stress concentrations, leading to failure at lower 
stresses. This porosity would also decrease the calculated 
fibre volume fraction, due to buoyancy caused by these 
voids. A nother possible explanation is that there was 
uneven loading on the fibres due to the existence o f fibre 
bundles, resulting from the incomplete fibre defibrilla­
tion process, causing stress concentrations and so failure 
at lower stresses.
The U D  hemp fibre composite showed greater tensile 
stiffness (>40%  higher) and a similar tensile strength to 
the E-glass CSM composite. As the natural fibres within 
this composite were aligned in one direction, it meant 
that this peak tensile strength result only occurred when 
the fibres were aligned to the load direction. It was 
expected that the stiffness and strength o f the composite 
in the transverse direction were lower than the recorded 
values for the longitudinal fibre direction. This com po­
site also had a lower degree o f porosity com pared with
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the hemp CSM composite, determined by visual inspec­
tion of the laminates.
The VR composite showed a 16% greater stiffness than 
the UD hemp composite and approximately double the 
tensile strength of the UD hemp and E-glass composites. 
This was to be expected since the VR composite has 
50% greater fibre volume fraction compared with the 
UD hemp composite and was manufactured using an 
untwisted yarn. This composite achieved the highest 
tensile strength out o f the cellulose based fibres, but this 
fibre also had the highest processing requirement. In 
addition, the transverse properties of this VR composite 
were lower than the E-glass CSM composite. From  the 
stress-strain curve (Fig. 5), it was observed that after a 
1-5% strain, the composite exhibits a decreased modulus, 
potentially exhibiting non-elastic behaviour. This non- 
linearity is in complete contrast to the behaviour observed 
in conventional (glass and carbon) fibre composites. 
This has particular relevance to  the energy absorption 
characteristics (toughness) of this class o f materials.
These results show that aligned fabric architectures or 
the use of semiprocessed (reformed) are necessary for the 
tensile mechanical properties o f natural fibre thermoset­
ting composites to compete with those of an E-glass 
CSM composite. This means that a greater volume of 
natural fibre compared with glass fibre is required for 
a natural fibre composite to equal an E-glass CSM 
composite. As natural fibres are potentially more 
sustainable than glass fibre, depending on fibre and 
processing,'*^ it might be possible to use a greater volume 
of natural fibre within a composite to obtain the
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mechanical performance of an E-glass CSM composite 
while improving the sustainability o f the laminate.
Residual moisture within natural fibres and the 
effect on tensile strength of composites
The results from residual moisture investigation have 
shown that the two naturally grown fibre fabrics had a 
moisture content o f 8-9% (hemp CSM) and 9-9% (hemp 
UD) (Table 2). Perhaps as a result o f its slightly 
different cellulose structure, the VR composite had a 
moisture content o f 12-6%.
The composites manufactured using predried UD 
hemp fibre reinforcement showed improved mechanical 
properties. The tensile stiffness o f the composite increased 
by 17% with the UP resin system and 71% with the 
U M a resin system (Fig. 6). The tensile strength o f the 
composite increased by 25% with the U P resin system and 
60% with the UM a resin system (Fig. 7). Since the cure of 
the UM a resin is known to be more sensitive to  moisture 
than the UP resin, a more significant improvement in 
mechanical properties with the U M a composite was to  be 
expected.
These results show that residual moisture within the 
fibres can have a significantly detrimental effect on the 
mechanical performance of a composite. It is advised 
that natural fibres are sufficiently dried before lamina­
tion to ensure optimum composite performance with 
these resin systems.
Fracture toughness of the hemp CSM composite
The use of the hemp CSM fabric with the UP resin 
system resulted in a fracture toughness value of 
2-7 M Pa m'^^ for the composite. This result represents 
a factor o f 6 increase in fracture toughness compared 
with the resin system (Table 3). Unfortunately, the 
natural fibre composite was a factor of almost 5 lower 
in fracture toughness compared with the E-glass CSM 
composite. The fracture surface of the hemp CSM 
composite and E-glass CSM composites is shown in 
Fig. 8.
Table 1 Fibre volume fractions of tested composites
4 Tensile strength of UMa/fibre reinforced composites
Composite type Fibre volume fraction
E-glass CSM 0 -37+  0 0 5
Hemp CSM 0 19 +  0 05
Hemp 0° UD 0 32 +  0 0 4
VR 0° UD 0 46 +  0 02
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Since the fibre volume fraction of the hemp CSM 
composite was lower by a factor of 2 than that o f the E- 
glass CSM composite (Table 1), and the E-glass fibres 
are longer and o f higher stiffness, the results obtained 
were to  be expected. As mentioned previously, there is 
porosity within the hemp CSM composite, which would 
also reduce the fracture toughness of this material.
The fracture toughness result for the hemp CSM 
composite shows that even though the tensile strength of 
the hemp CSM composite is lower, compared with the 
resin system, it does greatly improve the fracture 
toughness of the resin system. This type of natural fibre 
composite may be appropriate for where tensile strength 
is not a critical factor, but stiffness and density o f a 
composite are important.
Conclusions
The current work based on a range of modified 
(sustainable) and unmodified thermosetting resin systems
Table 2 Fracture toughness of hemp CSM composite, 
Including base resin and E-glass CSM composite 
results
and associated composites, based on glass or natural fibre 
reinforcement, leads to a number of specific conclusions.
1. Through reformulation of thermosetting resin 
systems with suitable biobased constituents, it is possible 
for biobased thermosetting resins to compete with the 
mechanical performance of commercially available resin 
systems.
2. Aligned fabric architectures with greater fibre 
volume fractions may be necessary for natural fibre 
composites to be a direct replacement for CSM G FR P.
3. The VR fibre gave the best performance o f the 
systems studied while showing some non-linear beha­
viour, which merits further investigation.
4. Residual moisture within natural fibres adversely 
affects the mechanical properties o f a composite utilising 
a thermosetting resin system. Drying of natural fibres is 
a necessary process for optimum mechanical perfor­
mance.
5. The use of natural fibre fabric improves the 
fracture toughness compared with an unreinforced
Table 3 Moisture content within natural fibres
Material type Fracture toughness/MPa Natural fibre type/% Moisture content
UP resin 0-41 ± 0 0 1 Hemp CSM 8 9  +  0 1
Hemp CSM com posite 2 7 ± 0  1 Hemp UD 9 9 +  0 1
E-glass CSM com posite 1 2 2 ± 0 5 V iscose rayon 1 2 6 ± 0  1
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polymer, even though there might be a reduction in 
tensile strength of composite system compared with an 
unreinforced polymer.
For a ‘green’ composite to be described as a 
sustainable alternative, it must account for all of the 
possible environmental, social and economic impacts. If 
a raw material is bioderived, it does not automatically 
mean that it is a sustainable alternative. However, it is 
envisaged that sustainable composites that utilise resins 
based upon natural oils and natural fibres with some 
form of interface optimisation will be used in structural 
and non-structural applications once issues of sustain­
ability are addressed.
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